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ABSTRACT. 


The principal aquifer in the Orlando area consists of 900 feet or more 
of permeable artesian limestones of upper and middle Eocene age. As in 
most other parts of the Florida peninsula, these limestones are overlain by 
the Hawthorn formation of Miocene age which contains relatively im- 
pervious beds. The Hawthorn at Orlando is 45 to 200 feet thick and 
prevents or retards natural recharge to the limestones except where it is 
penetrated by what appear to be old sinkholes that are now filled with 
pervious material. 

Owing to the lack of adequate surface drainage, more than 200 wells 
have been drilled into the limestones in the Orlando area to drain streets, 
control lake levels, and dispose of sewage and other waste liquids. Gen- 
erally the piezometric surface of the water in the limestones is far enough 
below the land surface to allow drainage by gravity. As the limestones 
are cavernous, most of the wells have large capacities for receiving water 
and seldom become clogged although a considerable amount of rubbish is 
carried into them. 

The piezometric surface is conspicuously higher where drainage wells 
are concentrated, probably because of recharge through wells. However, 
the effect of the artificial recharge cannot be clearly differentiated from 
that of natural recharge. A deep-well current meter was used to deter- 
mine the horizons at which the polluted surface water enters the lime- 
stones. 

The investigation was made in cooperation with the Florida Geological 
Survey and the Corps of Engineers of the U. S. Army. 
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INTRODUCTION. 


THE limestone formations in northern and central Florida produce large quan- 
tities of potable artesian water to many cities, industries, and agricultural 
interests. Heavy withdrawal of this water has lowered the piezometric sur- 
face of the artesian water in these formations greatly at some places, increas- 
ing the cost of pumping and creating a danger of salt-water encroachment in 
coastal areas. Possibly artificial recharge will be used in the future to coun- 
teract the effects of the withdrawal. In many parts of Florida the limestone 
formations are already being artificially recharged through drainage wells that 
were drilled for the disposal of surplus water. Information on these drain- 
age wells is useful in considering the effectiveness of wells that may be drilled 
for artificial recharge. 

This paper discusses the use of drainage wells in the vicinity of Orlando, 
in central Florida. It is based largely on an investigation made in 1943 by 
the U. S. Geological Survey in cooperation with the Florida Geological Survey 
and the Corps of Engineers, U. S. Army, but it makes free use of a large 
amount of information obtained in earlier investigations.2, The writers are 
indebted to V. T. Stringfield, of the Federal Geological Survey, for unpub- 
lished maps and field notes prepared in cooperation with the Florida Geo- 
logical Survey and for his help and encouragement during the recent investiga- 
tion. 

The investigation was under the general supervision of O. E. Meinzer, 
Geologist in Charge of the Division of Ground Water, U. S. Geological Sur- 
vey, and Herman Gunter, Director of the Florida Geological Survey. Cap- 
tain A. B. DeWolf, of the Corps of Engineers, U. S. Army, made preliminary 
arrangements for the investigation and gave many helpful suggestions. 

During the field work, generous cooperation was received from Lt. Col. 
J. P. Larsen, Area Engineer for the Corps of Engineers, F. L. Holland, 
Superintendent of the Orange County Road and Bridge Department, A. B. 
Herndon, Orlando City Engineer, and Jesse Burkett, of the City Engineer’s 
Office. Clyde Freeman, of Libby and Freeman Company, and J. E. Cousins, 
Jr., Florida District Manager for Layne-Atlantic Company, gave much help- 
ful information and assistance. The altitudes of measuring points on observa- 


2 Stringfield, V. T., Ground-water investigations in Florida. Fla. Geol. Surv. Bull. 11, 
1933. Artesian water in the Florida Peninsula. U. S. Geol. Survey Water-Supply Paper 
773-C, 1936. Sellards, E. H., A preliminary report on the underground water supply of cen- 
tral Florida, Fla. Geol. Surv. Bull. 1, 1908. Sellards, E. H., and Gunter, Herman, The 
artesian water supply of eastern Florida. Fla. Geol. Surv. 3d Ann. Rept., pp. 77-195, 1910. 
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tion wells, used in mapping the piezometric surface, were determined by level- 
ing parties supplied by the U. S. Engineer Office at Jacksonville. 


GEOLOGY. 


Most of central Florida, including Orange, Lake, and Polk Counties, is 
mantled by‘unconsolidated sand and clay, and, although the topography ranges 
from gently undulating lowlands to rolling uplands, there are very few ex- 
posures of underlying formations. In the absence of sufficient exposures, 
information regarding the characteristics of underlying formations must be 
obtained from studies of well cuttings. Studies of cuttings on file at the 
Florida Geological Survey indicate that the central part of the State is under- 
lain by deposits ranging in age from Cretaceous to Recent. 
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Fic. 1. Geologic section along line A—A’ in Figs. 3 and 4. 


The deepest wells in the vicinity of Orlando are about 1,050 feet deep, and 
they penetrate beds of Eocene, Miocene, Pliocene, Pleistocene and Recent age 
(Fig. 1). 

Eocene. 

The principal aquifer in central Florida is composed of cavernous lime- 
stones of middle and upper Eocene age. Drillers’ logs available for many of 
the drainage wells indicate the occurrence of caverns ranging in height from 
2 feet to as much as 28 feet, most of which are in a zone between 200 and 400 
feet below sea level. 

Beds of Middle Eocene Age.—The oldest deposits reached by wells in 
Orange County are probably late middle Eocene. The middle Eocene section 
consists of about 800 feet of limestone and can be divided into two parts. The 
lower part is about 600 feet thick and consists of light buff to brown, porous 
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to dense, recrystallized, dolomitic limestone. It is the non-fossiliferous lime- 
stone which Applin and Applin* regard as being equivalent in age to their 
Tallahassee limestone. The upper part is about 200 feet thick. It consists 
of white to cream, chalky, porous, foraminiferal limestone and yields an abund- 
ant microfauna including Coskinolina floridana Cole and Dictyoconus cookei 
(Moberg). On the basis of sub-surface information Cole * has referred this 
limestone to the Lisbon formation, and Applin and Applin * have called it the 
Avon Park limestone. Ericson® has recently reported the discovery of ex- 
tensive surface exposures of this limestone in southern Levy and northern 
Citrus Counties. Inasmuch as these exposures are well developed near the 
town of Gulf Hammock, Florida, he has proposed the name Gulf Hammock 
formation to replace the term “Avon Park.” 

Ocala Limestone of Upper Eocene Age—In ‘central Florida the Ocala 
limestone of upper Eocene age directly overlies the limestones assigned to the 
middle Eocene. The Ocala is for the most part a white to cream, porous, 
foraminiferal limestone, very similar lithologically to the upper part of the 
middle Eocene. In a few wells in the vicinity of Orlando the Ocala has a 
thickness of as much as 120 feet. There are also a few wells in which it is 
very thin or absent. In these wells marl and sand of the Hawthorn formation 
lie directly on the middle Eocene limestones, the Ocala having been removed 
either by subterranean solution or by pre-Hawthorn subaerial erosion. 


Miocene. 


Hawthorn Formation—The Hawthorn formation, which unconformably 
overlies the Ocala limestone in Orange County, ranges in thickness from 45 to 
200 feet, and on the basis of the lithology can be divided into two parts. The 
lower part is predominantly a light buff to greenish-gray, granular, phosphatic 
limestone which appears to be interbedded with thin layers of sandy, phos- 
phatic marl. The upper part consists of alternating beds of gray, sandy, 
phosphatic marl and very thinly laminated clay. A well-indurated, coarsely 
conglomeratic limestone occurs at varying depths. This conglomerate con- 
sists of a gray limestone matrix containing quartz sand, phosphate pebbles, 
fish teeth and rounded solution-pitted fragments of bluish-gray limestone. 


Pliocene. 


A few wells in Orange County penetrate 30 to 40 feet of shell marl im- 
mediately under the surficial sand. This marl has been referred to the 
Choctawhatchee (Miocene) by some writers, but Cooke * has recently mapped 
it as Caloosahatchee (Pliocene). 


3 Applin, Paul L., and Applin, Esther R., Regional subsurface stratigraphy and structure 
of Florida and southern Georgia. Amer. Assoc. Petr. Geol., vol. 28, pp. 1673-1753, Plates 1- 
5, Figs. 1-38, 1944, 

4Cole, W. S., Stratigraphic and paleontologic studies of wells in Florida, No. 3. Fila. 
Geol. Survey Bull. 26, 1944 

5 Applin and Applin, op. cit. 

6 Ericson, David B., The Gulf Hammock formation in Florida. Science, new ser., vol. 102, 
No. 2644, p. 234, Aug. 31, 1945. F 

7 Cooke, C. W., Geology of Florida. Fla. Geol. Survey Bull. 29, Plate 1, 1945. 
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Pleistocene and Recent. 

Overlying all other formations in most of central Florida is a covering of 
unconsolidated sand and clay. This covering ranges in thickness from a few 
inches to several feet. 

NATURAL RECHARGE. 

Most of western Orange County, including Orlando, is in the northeastern 
part of a principal area of natural recharge to the artesian limestone. Over 
this area of recharge the piezometric surface is notably high, having the shape 
of an elongated dome centered around Polk County in central Florida (Fig. 
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Fic. 2. Map representing piezometric surface of Florida and part of Georgia. 
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formed by subsidence due to solution of the underlying limestone formations. 
The recharge evidently occurs principally through these sinkholes, where rela- 
tively impervious beds of the Hawthorn formation that would ordinarily pre- 
vent or retard vertical percolation of water have been displaced by the sub- 
sidence. Logs of several wells indicate that in the sinkholes the Hawthorn 
has been partly replaced by permeable sand, and that remains of it occupy 
zones from which the Eocene limestones have been carried away in solution. 
Two such wells, one at Davenport in northwestern Polk County, and one near 
Orlovista, six miles west of Orlando (well 47 in Figs. 3 and 4), have been 
mentioned by Stringfield § in a discussion of the recharge areas in the Florida 
peninsula. 

The type of closed depressions that characterize the recharge areas is 
prevalent in and around Orlando. Some of the depressions are dry except 
during heavy rains, others are partly filled with water, and many are filled to 
overflowing throughout the year. The dry depressions evidently drain freely 
into the limestone formations through permeable sand, and hence mark places 
where recharge occurs. The bottoms of the depressions that contain water 
are generally covered by a few inches to more than ten feet of marl, muck, or 
other relatively impervious material which retains the water, preventing or 
retarding its downward percolation to the limestone. However, some of the 
partly filled depressions probably contribute recharge around the margins of 
the impervious material during high water stages. Some of the depressions 
containing lakes that now drain over the surface of the land may have been 
drained by ground water flow until the accumulation of marl and muck on their 
bottoms caused them to fill and overflow. 

The limestone formations apparently receive a considerable amount of 
natural recharge in Orlando and vicinity. With the exception of some over- 
flow from lakes into Howell Creek and Little Wekiva River, which flow north- 
ward and eastward to the St. Johns River Basin, and into Shingle and Reedy 
Creeks, which flow southward into the Kissimmee River Basin, practically all 
natural drainage is into the closed depressions. 


ARTIFICIAL RECHARGE, 


The recharge of the limestone formations through drainage wells in Or- 
lando and vicinity is incidental to the purpose for which the wells were drilled, 
this purpose being to dispose of surplus water and waste liquids. According 
to Sellards,® the first drainage well in Orange County was drilled in August 
1904 after a sinkhole, probably Lake Greenwood (formerly known as “Sink- 
hole Lake”), which had previously drained surface water into underground 
channels, became clogged and allowed a considerable area to become flooded 
during heavy rains. After attempts to reopen the sink by removing hyacinths 
and dynamiting had failed, a two-inch drainage well was drilled into the lime- 


8 Stringfield, V. T., Ground-water investigations in Florida. Fla. Geol. Survey Bull, 11, 
p. 20, 1933. Artesian water in the Florida Peninsula. U. S. Geol. Surv. Water-Supply 
Paper 773-C, p. 148, 1936. 

® Sellards, F.. H., Underground water supply of central Florida. Fla. Geol, Surv. Bull. 1, 
p. 62, 1908. 
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stone as an experiment. This well was successful enough to warrant the 
drilling of larger wells which eventually drained the flooded area. 

Between 200 and 225 drainage wells have been drilled in Orange County 
to the present time. About 160 of these are owned by the city of Orlando, by 
Orange County, and by the U. S. Army; the remainder are privately owned. 
The wells on which records are available range in depth from 120 to 1,000 feet, 
and in diameter from 5 to 18 inches. The depths to which they are cased 
range from 67 to about 400 feet. The casings generally extend into the 
Eocene limestones, but some end in the Hawthorn formation. The locations 
of many of the drainage wells are indicated in Figs. 3 to 7. The wells are 
most heavily concentrated in and around Orlando. 

The wells are used to drain streets and roadside ditches, lower and con- 
trol lake levels, drain lands suitable for cultivation, and to dispose of partly 
treated sewage, citrus packing wastes, and other liquids of various kinds. - As 
the limestone formations supply water to many privately- and municipally- 
owned wells, their use as receptacles for sewage and other deleterious liquids 
constitutes a menace to the public health, especially as polluted water may 
move through the solution channels with little or no filtration. It is note- 
worthy in this connection that outbreaks of typhoid fever and gastroenteritis 
have resulted in Fillmore and Olmstead Counties, Minnesota, from the use 
of water drawn from cavernous limestone into which sewage and excreta had 
entered through sinkholes, septic tanks, and stone quarries.*® 

Most of the wells have large capacities for receiving water, especially those 
that penetrate solution channels. One 16-inch well (well 50 in Figs. 5, 6, 7), 
which controls the level of Lake Lawne, west of Orlando, is reported ** to 
have a capacity of 9,500 gallons a minute. A few of the wells have capacitiés 
as low as 100 gallons a minute, but these are exceptional. The capacity of a 
well depends on the permeability of the formation into which the water is dis- 
charged, the diameter and depth of open hole of the well, and the depth of the 
static water level below the intake. The intakes of the wells are at or slightly 
below the land surface, which is generally 30 to 55 feet above the static water 
level. However, the intakes of a few wells that have been drilled in sinkholes 
are below the piezometric surface at its higher stages. These wells are rela- 
tively ineffective as they often flow during periods of heavy rainfall when 
drainage is most needed. 

The limestone is so cavernous that the wells seldom become clogged al- 
though a considerable amount of rubbish is carried into them. Drillers’ logs 
indicate that the caverns range from a few inches to as much as 28 feet from 
floor to roof and that most of them occur between depths of 200 and 400 feet 
below sea level. The larger caverns evidently carry away leaves and other 
trash that would normally be expected to clog a well. Many of the wells are 
equipped at the intake with coarse screens or closely spaced iron bars, but 
most of them have no provision for excluding sediment or rubbish except that 


19 Kingston, S. P., Contamination of water supplies in limestone formations. Am. Water 
Wks. Assoc. Journal, vol. 36, pp. 1450-1456, 1943. 

11 Stringfield, V. T., Artesian water in the Florida peninsula. U. S. Geol. Surv. Water- 
Supply Paper 773-C, p. 162, 1936. 
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: of having the top of the casings extend a few inches above the floors of the 
catchment basins. Many wells have been draining water for twenty years or 
more without having to be cleaned. Those that become clogged generally 
’ . ° ° c ? 
require cleaning only at intervals of several years. 
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Well Exploration—In order to obtain information regarding the depths 
at which water enters the limestone formations, eight of the drainage wells 
have been explored with a deep-well current meter. A constant quantity of 
water was allowed to drain into each well while the relative velocities at vari- 
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1931) and showing locations of wells. 








ous deptl 
shown g 
volved it 
vary wit 





Fic. 7 








ARTIFICIAL RECHARGE OF ARTESIAN LIMESTONE. 303 


ous depths were measured with the meter. The results of the exploration are 
shown graphically in Fig. 8. Owing to the uncertainties that would be in- 
f volved in calibrating the meter for velocities in wells having diameters that 
vary with depth, the velocities are expressed in terms of the rate of revolution 
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of the current meter rather than in units of length and time. For the purpose 
of this paper it is assumed that the rate of revolution of the meter is approxi- 
mately proportional to the mean velocity of the water flowing through the 
well. The interpretation of the velocity measurements is based on the expres- 
sion, g = av, in which q is the quantity of water per unit of time, a is the cross 
section area of the well, and v is the mean velocity of the water passing through 
it. Throughout that portion of a well which is lined with tight casing of 
constant diameter, the mean velocity, v, should not vary with depth inasmuch 
as g and a are both constant. The fact that the indicated velocities vary in 
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the cased portions of the wells explored is due principally to turbulence caused 
by the fall of water from the mouth of the well. In the uncased portion of a 
well, variations in velocities may be due either to irregularities in the cross- 
section area of the uncased portion of the hole or to differences in the quantity 
of water moving through it. The large velocity near the bottom of well 80, 
Fig. 8, is doubtless due to a constriction in the uncased portion of the well. 
Within those intervals in which the velocity increases progressively with in- 
creasing depth, water is apparently flowing from the well into adjacent forma- 
tions. Where the velocity below a certain level is consistently zero, the forma- 
tions which lie above that level evidently receive all the water that enters the 
well. 
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Spouting Wells—A source of amusement to many people, but a nuisance 
to some, is the curious spouting or “geysering” of some of the drainage wells. 
Sellards,’* after witnessing its occurrence in the first of the spouting wells 
(well 162 in Figs. 5, 6, 7), described it as follows: 


At intervals of a few minutes the well would reverse itself and spout, throwing 
a column of water into the air. The spouting comes on gradually. First the well 
ceases to receive water and begins bubbling; the column of water follows rising 
with a considerable force to a height of twenty feet or more above the surface. . . . 
At times the spouts of well 162 rise much higher than 20 feet, and have been 
known to be more than 100 feet above the mouth of the well. 

The spouting is caused by an out-rush of air that has been carried down 
the well by the water and trapped in pores and caverns of adjacent limestone 
formations beneath impervious beds. Being confined, the air accumulates 
until its pressure overbalances the weight of the column of water in'the well, 
at which time the spouting occurs. Under stable conditions, the lower limit 
of the zone in which the air may displace water is evidently the bottom of the 
well casing, but while water and air are entering the well conditions are un- 
stable and the water in the formations may temporarily be depressed to a level 
below the bottom of the casing. At some places the air is trapped over a 
rather wide area, within which wells cased to comparatively shallow depths 
will contain air under pressure when capped. The air in one such well (well 
77 in Figs. 5, 6, 7) had a pressure equivalent to 54 feet of water when visited 
by the writers. The owner of the well uses the accumulation of compressed 
air to raise water to an elevated tank, using the principle of the air lift pump. 

The spouting wells are a hazard to near-by structures or to people stand- 
ing close to them when the spouting occurs. Consequently, many of the wells 
are equipped with structures designed to deflect the spouts or abate their 
force. That the force of the spouts is sufficient to cause damage is demon- 
strated by the fact that the spouts sometimes hurl heavy iron manhole covers 
into the air and bend three-eighths-inch iron straps that attach the deflecting 
structures to concrete bases. 


EFFECT OF RECHARGE, 


Records from automatic water-level recording instruments show that the 
piezometric surface of artesian water in the Orlando area rises very rapidly 
during and after rains, owing to recharge through wells. For example, the 
water level in well 60, about ten miles west of Orlando, rose about six feet 
within 30 hours near the end of March 1931 (Fig. 9). The water levels in 
well 47, five miles west of Orlando, and well 250, in eastern Orlando, also rise 
rapidly after rains. 

Figs. 3 and 4, which represent the piezometric surface in Orange County 
at two stages, show a wide shelf-like feature around Orlando and vicinity, 
where the drainage wells are most heavily concentrated. This feature is ap- 
parently due almost entirely to recharge through the wells, but it may also be 


12 Sellards, E. H., Some Florida lakes and lake basins. Fla. Geol. Surv. Third Annual 
Report, p. 72, 1910. 
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partly due to a peculiar distribution of natural recharge. A spur of the region 
that contains numerous lakes, in which some natural recharge may occur, ex- 
tends northeastward through Orlando and vicinity into the southwestern part 
of Seminole County, being bordered on the northwest and southeast sides by 
areas in which little or no recharge occurs. Any natural recharge in this 
spur, and the absence of recharge to the northwest and southeast, may account, 
in part, for the shelf-like feature in the piezometric surface. However, the 
natural recharge through the lakes in the immediate vicinity of Orlando is 
probably very small as compared with the recharge through wells. 

Figs. 5, 6, and 7 show in detail three stages of the piezometric surface in 
Orlando and vicinity. A feature that is prominent at the highest stage, repre- 
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Fic. 9. Effect of rainfall on water level in Orange County well 60. 


sented in Fig. 5, is the doming of the piezometric surface in the southeastern 
part of Orlando where the drainage wells receive large quantities of street 
drainage and sewage. 


CONCLUSIONS. 


The aquifer in Orlando and vicinity receives large quantities of water 
through wells, but the effect of the artificial recharge on the piezometric sur- 
face is not very large, because the aquifer is very permeable and contains many 
solution channels. If it were less permeable but were receiving the same quan- 
tity of recharge, the piezometric surface would be raised more. 

Some of the factors to be considered in determining the practicability of 
artificially recharging artesian limestone formations are: (1) the transmissi- 
bility of the formation; (2) the quantity, quality, and continuity of the supply 
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of water available for recharge; and (3) the possibility of the recharge wells 
becoming clogged. If other factors are equal, a formation having a large 
transmissibility will require a comparatively large supply of water to raise the 
piezometric surface effectively. As artesian aquifers have very small capaci- 
ties for storing additional water, the effects of artificial recharge will disappear 
rapidly during periods in which the rate of recharge is slight. For this rea- 
son, a continuous supply of water for recharge during drouths must be avail- 
able if the piezometric surface is to be maintained at a higher level. The re- 
charge water should be free from pollution, especially if the aquifer contains 
solution channels that would permit water to move without filtering to wells 
supplying water for domestic use. Wells ending in cavernous limestone will 
apparently receive water without becoming permanently clogged, but those 
ending in limestones that are not cavernous are liable to become clogged by 
organic or suspended matter unless that matter is prevented from entering 
the well. 
U. S. GeoLocicaL Survey, 
WasuHinocrton, D. C., 
Feb. 25, 1946. 
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INTRODUCTION. 


I was asked by the Secretary to present at this meeting “the problems and 
accomplishments” of our organization during the war period, and also views 
on “postwar demands and prospects” of foreign metals and mineral investiga- 
tions that might be of interest to the geological fraternity. The general pur- 
pose of the papers presented at this symposium, as I understand, is to utilize 
this opportunity to record for geologists what they the geologists have been 
able to contribute during the war, before certain agencies of government be- 
come dissolved and their records closed. Accordingly, I will try to present 
the more important problems that had to be faced and the results achieved 
by those of us of the Foreign Economic Administration who carried the 
responsibility of seeing that our war machine was adequately and continuously 
supplied with these foreign strategic and critical metals and minerals so vital 
to the prosecution of the war. 


SOME OF THE PROBLEMS. 


Most of the problems that we had to face and solve revolved around one 
central theme—how to obtain rapidly and in quantity those foreign minerals 
that were the very basic ingredients of our ships and planes, and guns, and 
tanks, and munitions. 

At the beginning, it was generally thought that our strategic minerals 
were only about a dozen in number. We knew, of course, that we had to 
import great quantities of such well known strategic minerals as manganese, 
chrome, nickel, tin, mercury, antimony and tungsten, particularly because of 
government failure to build up adequate stockpiles. We soon realized, how- 
ever, that we had also to obtain vast quantities of those minerals of which we 
had thought we were bountifully supplied. Our assumed domestic abundances 
turned out to be woefully inadequate to meet the heavy war demands, and 
few realized the extent to which we had become dependent upon foreign 
sources. Instead of a dozen, some five dozen varieties of minerals had to 
be entered on our strategic lists, and the word “strategic” came to hold only 
relative significance. 

It wasn’t a case of merely trying to import what metals and minerals were 
available, because the quantities required exceeded the entire available world 
supply. Ores from new sources had to be sought, examined, tested, de- 
veloped, mined and transported to our shores to feed the hungry maw of our 


1 Presented before a joint session of the Geological Society of America, and the Society 
of Economic Geologists, Pittsburgh Meeting, Dec. 29, 1945. 
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war machine. Tonnages running up into the millions-of such bulk materials 
as copper, lead, zinc, chrome and manganese had to be obtained and shipped 
to our munition and ordnance centers. The less common minerals such as 
tin, tungsten, cobalt, vanadium, mercury, antimony, mica, graphite, corundum 
and asbestos had to be extracted in greatly increased quantities for accelerated 
war needs. The rare minerals such as tantalite, columbite, beryl, and bismuth, 
had to be found, developed and procured in quantities never before dreamed of. 
New uses of radio, radar, and others created demands for steatite talc, quartz 
crystals, optical calcite, and other minerals that formerly we had thought of 
mainly as adornments of museum collections rather than as pressing industrial 
minerals, 

These realizations raised a train of lesser problems that called for immedi- 
ate solution and action. It meant first the building up of an organization and 
technical staff in Washington. It meant the recruiting and dispatching of 
trained and experienced geologists and engineers to most of the mineral 
countries of the world and to wild and inaccessible regions of Africa, China, 
India, South America and Australia. It meant the obtaining of essential min- 
ing equipment from sorely pressed domestic factories and the overseas dispatch 
of this equipment in vessels too few in number, many of which with their price- 
less cargoes were being sunk by submarines. It meant demands upon sparse 
domestic manpower in competition with the manufacture of ships and guns 
and vehicles. All of this had to be done because the development and increase 
of foreign mineral production was the most basic necessity to the war output. 

To accomplish the objectives enumerated above, still other problems had 
to be solved. Foremost among these was the obtaining of cooperation. with 
the foreign governments by means of which their help would be won in in- 
creasing production and in preventing actions that might undo expansion 
efforts. For example, my first assignment, in January, 1942, was the negoti- 
ation of an international agreement with Mexico whereby the hazards of 
mining in Mexico were diminished, metal prices were increased and stabilized, 
export taxes, local taxes, and railroad rates were frozen, and labor conditions 
adjusted to permit wartime expansion and postwar curtailment. This initiated 
a rejuvenation of Mexican mining even to overburdening the railroads, neces- 
sitating our help for their rehabilitation. Subsequently, somewhat similar 
but less comprehensive agreements were entered into with other countries. 
These agreements had to precede foreign development and procurement and 
had to be renewed from time to time. Also under stress of spiraling inflation 
abroad and foreign political desire for increased national income, there was a 
tendency often to impose higher export taxes or pass decrees that worked 
to restrict production and exportation of minerals needed for the United 
Nations war effort. In a few cases the tendency to unwittingly “kill the 
goose that laid the golden egg” asserted itself in detrimentally cutting off 
exports of chrome from New Caledonia, tantalite and beryl from Brazil and 
phlogopite from Madagascar. 

In all of these operations close cooperation had to be maintained with the 
Department of State and our Embassies abroad. Similar cooperation had 
to be maintained with the War Shipping Board to insure the allocation of 
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vessels to pick up the mineral cargoes, and with the Air Transport Command 
to fly back the most precious and urgent materials. Continuous cooperation 
was maintained with the Metals Reserve Company. Also cooperative foreign 
surveys with division of costs were undertaken with the U. S. Geological 


Survey in Cuba, Mexico and Central 


America and work was coordinated 


with the Geological Survey in Brazil, Argentina and Colombia. 
Still another type of problem was the increase of production to staggering 
figures where heretofore mining had been negligible and desultory. Let me 


illustrate by mica and quartz in Brazil. 


The annual prewar import of mica 


from Brazil averaged 88,000 pounds; our annual production objective was 
over one million pounds of good stained and better qualities. The prewar 
imports of quartz were 37,000 pounds and our annual objective of production 
was about two million pounds. This meant a wholesale revision of existing 
development and production methods and not only increasing the output from 
existing deposits but also exploring for new ones. To accomplish this we 
had to send down some $3,000,000 worth of mining equipment and a force of 
over 100 geologists and engineers who had to explore for deposits, instruct 


in modern mining methods and utilization of mechanical equipment, and oper-' 


ate properties themselves in cooperation with the owners. Similar procedures 
were faced in the stimulation of corundum production in South Africa, 


Nyasaland and Mozambique. 


We faced the problem of having to plan long in advance to allow for the 
time of development, equipping, extracting, processing, and the long sea 
voyages involved; we had to make sure that we would not run short in the 
meantime. During the stress of war we also had to plan the development of 
foreign sources of supply as contingency reserves considerably in excess of 
current requirements. This became necessary because shipping lanes might 
be cut off or changing war fronts might alter the back track of returning 
empty ship bottoms. Let me repeat an illustration I used once before. When 
shipments of manganese from India and South Africa were imperiled by the 
rapid advance of the Japs into the Indian Ocean toward Madagascar, and 
also by submarine activity around the Cape of Good Hope, it was found 
advisable by Metals Reserve Company to develop a contingency manganese 
stockpile in Cuba. To do this it was necessary to send in heavy equipment, 
build a stockpile site at Santiago, open old roads and build many new ones, 


and open up a new group of mines. 


But that Cuban stockpile served its 


purpose well and was good insurance with neither loss nor waste. It yielded 


a half million tons of manganese 





about a half year’s import supply. It 


saved long shipping voyages at a time when shipping was scarce and _per- 
mitted reduction of manganese shipments from South Africa in order that 
South African coal could be available where it was much needed elsewhere. 
In the building of this stockpile, Mr. George Tower’s staff in Cuba was as- 
sisted by members of the U. S. Geological Survey. It was not necessary to 
develop this Cuban source of manganese because of a world shortage of man- 
ganese, but rather to permit flexibility of sources to meet shipping conditions. 
Unlike other minerals, manganese turned out to be a mineral of which there 


was at all times an excess world supply. 
it here. 


The only trouble with it was getting 





Anot! 


costs of | 
in Chile, 
of the tl 
ceiling p 
when th: 
a compli 
carried o 
ment an 
similar a 
countries 
smaller |] 
A varian 
transport 
when thi 
was reso 
to pay fc 
caused n 
in order 
business 

These 
war min¢ 
afield fro 


I wa: 
plished in 
simple st 
time for 
stocks w 
feverishly 
however, 

For a 
thirds of 
our impc 
Governm 
of shippit 
exceeded 
sources. 
quantity 
In other 
different 
New Ca 
China an 

Most 


Belgian ( 








yn 


1 
‘al 


ed 


ng 
ne 
ca 
as 
‘ar 
on 
ng 
ym 
we 
of 
uct 
er-" 
res 
Ca, 


the 
sea 
the 
of 
of 
ght 
ing 
hen 
the 
and 
und 
1ese 
ent, 
nes, 

its 
ded 

It 
per- 
that 
lere. 
; as- 
y to 
nan- 
ions. 
here 
tting 





WARTIME DEPENDENCE ON FOREIGN MINERALS. 311 


Another type of problem that had to be coped with was that of rising 
costs of foreign production causing a shut down of mining operations. Thus, 
in Chile, upon whom we leaned for our major source of foreign copper, one 
of the three large mines found their production costs increasing above our 
ceiling price for copper. They faced the problem of closing down operations 
when that copper was urgently needed for the war effort. It meant that 
a complicated arrangement had to be negotiated by which the operations were 
carried on by the company for the account of the the United States Govern- 
ment and the copper was resold at a loss in the United States. Several 
similar arrangements had to be worked out for copper, lead and zinc in other 
countries. Even though these arrangements involved a loss, it was a much 
smaller loss than that involved in United States domestic premium prices. 
A variant of this arose in China where extreme inflation made tin mining and 
transportation costs rise to fantastic figures. The dollar meant nothing 
when the need was for cotton and food that could not be flown in. This 
was resolved by finally arranging for the shipment of United States gold 
to pay for the tin. Another variant arose in India when the rice shortage 
caused many of the 100,000 mica miners to return to the land to grow rice 
in order to live. The urgency for mica necessitated going into the rice 
business to supply food to keep miners digging. 

These then are a few of the problems that had to be faced to keep the 
war minerals flowing, and you can see that of necessity they had to lead far 
afield from mineral development. 


SOME OF THE RESULTS. 


I was also asked to give for the record some idea of what was accom- 
plished in the foreign minerals work. That could be answered briefly in the 
simple statement that no part of the Nation’s war effort suffered at any 
time for lack of needed war minerals. There were times, however, when 
stocks were running dangerously low and it was necessary to scramble 
feverishly to get in supplies for immediate and urgent need. You may, 
however, wish to know some of the details. 

For a period, imports of metals and minerals ran at a rate of around two- 
thirds of a billion dollars annually, or about twice as much as all other of 
our imports of raw materials combined. Most of this, of course, was by 
Government purchase necessitated because of high shipping costs, the hazards 
of shipping, or other exigencies of war. The metals and minerals brought in 
exceeded at one time some 60 varieties of which 27 came only from foreign 
sources. It is rather striking that except for coal, iron and salt, some 
quantity of every mineral needed for our war effort had to be imported. 
In other words, we didn’t have enough of any of them. They came from 53 
different countries, including Canada, 11 Latin American countries, Australia, 
New Caledonia, Spain, Portugal, Cyprus, Turkey, 14 African countries, 
China and India. 

Most of our foreign copper came from Mexico, Chile, Peru, Canada, 
selgian Congo and Rhodesia; our lead from Mexico, Peru, Bolivia, Canada, 
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Newfoundland, Australia, and Argentina; our zinc from the same sources; 
our manganese from India, Russia, South Africa, Gold Coast, Cuba and 
Brazil; and our chrome from Russia, Rhodesia, South Africa, Sierra Leone, 
Turkey, New Caledonia and Cuba. These are all big tonnage items running 
into the millions of tons, and these names spell lengthy sea voyages, and 
hazardous ones too, during the war. Many materials because of scarcity and 
urgency had to be flown in rather than risk shipping hazards and the time 
element. Thus, tin and tungsten were flown from China to India; mica, 
tantalite, beryl, quartz, and steatite talc were flown either from the Argentine, 
Brazil, India, Belgian Congo, Nigeria, or Australia. Planes, like ships, desire 
ballast, and we utilized that capacity at no cost. 

Between Pearl Harbor and V—J day there was imported well over two 
billion dollars worth of metals and minerals. The quantity of the big three 
base metals alone exceeds 514 million tons and cost over 1.1 billion dollars. 
The imports of copper alone during this same period were approximately 
three million tons and manganese ore reached one million tons a year. 

The following charts on pages 313 to 322 show for 20 of the most important 
war minerals our dependence upon foreign sources of supply during the three 
full war years of 1942, 1943, and 1944. The charts also give the imports and 
domestic production of new supplies for each of those years, the total for all 
three, the percentage imported, and the chief sources of the imports. 

In addition to the minerals shown many other less important war minerals 
were obtained wholly or in large part from foreign sources. The imports of 
foreign ores were even greater than the percentages implied by the figures 
because in many cases the domestic proportion of the total new supply was 
for contingency reserve or political reasons and was not used because of low 
specifications. For example, the chrome chart shows that imports were 89.6% 
of total supply, but the 10.4% of domestic supply was largely made up of 
low-grade material that was not used because it would have lowered greatly 
the furnace output. The same applies to manganese, mica and tungsten. 
Also the domestic proportion was boosted above normal because of large 
premium prices paid for many of the commodities, whereas the foreign prices 
paid were dominantly U. S. ceiling prices or lower. During the first part of 
1945 the proportions of new supplies being imported were greater than some 
of those shown on the charts; imports of foreign copper, for example, were 
running at a rate in excess of one million tons a year and greater than 
United States new production. 

To obtain the quantities illustrated by the charts necessitated increases in 
foreign production that ranged from a few tens to several thousand percent. 
[ssentially every mineral-producing country in the world accessible to us 
was working for the United Nations war effort. Our engineers and geologists 
were continually finding and developing new foreign sources of supply and 
increasing the output of existing sources. We found ourselves in addition 
either operating, or having operated for our account, two copper smelters in 
Chile; a nickel mine and smelter in New Caledonia; a nickel mine in Canada; 
mica mines in Brazil, Peru and Angola; tantalite and beryl properties in 
Brazil and Nigeria; quartz in Brazil and Colombia; lead, zinc and copper 
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mines in Canada and Latin America; and corundum mills in southern Africa. 
It became necessary also to engage metallurgists to assist foreign operators 
to solve metallurgical or ore-dressing problems and increase efficiency. Note- 
worthy increases, for example, were obtained in the tin output of Bolivia 
and Belgian Congo by sending special experts to those countries, and in 
mercury smelting in Mexico, nickel smelting in New Caledonia, corundum 
milling in the Transvaal and fluorspar mining and milling in Mexico. These 
various efforts along with some price adjustments accomplished since Pearl 
Harbor a pronounced increase of the various metals and minerals in the 
different contributing countries. 

Urgent new demands for unusual minerals likewise had to be met with 
dispatch. Optical calcite is an illustration. When the Navy suddenly desired 
this mineral for gun sights we scoured Mexico, Peru, Bolivia, Iceland, Green- 
land, Canada, Australia and South Africa. Samples for inspection were 
being flown back to us in a few days from such remote places as Australia, 
Central Africa and Peru. We finally met the requirements from South 
Africa and Mexico. 

Other results of our foreign operations are appraisals of mineral resources 
of different countries. Thus, considerable information has been obtained 
regarding the tin and tantalite resources of the Belgian Congo; the mica, 
quartz, beryl and manganese resources of Brazil, thanks to the efforts of 
W. D. Johnston and Wm. Pecora; the zinc resources of Peru; the chrome, 
corundum and asbestos resources of South Africa, thanks to David Sharp- 
stone; the tungsten resources of Brazil, Mexico, Bolivia and Argentina; the 
mercury resources of Mexico and Canada; the chrome resources of Sierra 
Leone, Brazil and Cuba; the manganese of Cuba and Mexico; the tin, 
tungsten, and antimony of China by Carleton Hulin; and Dr. Quentin Singe- 
wald has recently completed an appraisal of the tin resources of Bolivia. 
This information, of course, is made available to the different Government 
departments, and constitutes a compendium of information that may serve 
for any future uses. 

An important result of our economic operations has been laying the 
groundwork and building up the basis for postwar international relations 
and international trade, and such improved economic relations should tend 
to give rise to improved political relations. The international trade in 
minerals that has been initiated during the war should in part extend and 
grow in postwar years. American consumers of minerals have learned to 
know and adopt to their use many new sources of different varieties of ores 
and minerals. Foreign producers have learned about American consumption 
and requirements. Relationships between producer and consumer have been 
established. That means trade, and good trade relations are the best basis 
of establishing good economic and good neighbor relations. Properly nur- 
tured, these relations can be extended into the future to our mutual benefit. 
Our objective, wherever the exigencies of shipping and prices would permit, 
was to foster the continuance of mineral flow to this country through private 
channels of trade. Also, as requirements eased in certain minerals we 
arranged a gradual transition from governmental to private importation in 
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order to lessen the economic shock that would come when the Government 
found it necessary to curtail or eliminate its mineral procurement. This 
“setting the Government out of business” was well under way when V-] 
day came and has been almost completed since that date. At present only 
tin, lead and copper, each of which is still in short supply for reconversion, 
are being obtained by public procurement on a continuing basis. Due to 
necessary commitments ahead, small quantities of Government purchased 
quartz crystals, corundum, tungsten, nickel and copper flowed in until the 
year end, after which essentially all mineral purchases, except for tin, lead, 
and some copper, will have been returned to private channels of trade. 

It is inevitable that the organizations in Washington carrying the responsi- 

bility of obtaining foreign war minerals should be called upon to cooperate with 
other agencies where functions intermingle. Thus, members of our staff took 
important parts in various permanent and temporary interagency committees. 
For example, we had a permanent member on the Combined Coal Committee 
and Combined Copper Committee, whose functions were to estimate supplies 
and requirements throughout the United Nations, render recommendations 
for world allocations of these two commodities, and to see that the quantities 
allocated were made available and adequate shipping provided. Likewise, 
we had a permanent member on the Combined Raw Materials Committee 
whose responsibility it was to survey the available supplies and requirements 
of all raw materials required jointly by both the United Kingdom and United 
States, and to allocate to’ either of the two the responsibility of supply from 
specified sources. Thus, for tungsten the United States was permitted to 
draw supplies from China (of which a part was allocated to Russia) and 
the Western Hemisphere, while the United Kingdom was allocated Australia 
and Africa; and Spain and Portugal were equally divided. Others of our 
staff were in constant conferences with the Army, Navy, State Department, 
sritish representatives and other groups. Much of our work had to be in 
close cooperation with the Department of State since foreign economic matters 
entwined closely with political affairs. In the extended negotiations for 
Solivian tin, for example, the procedure, trend and results of the negotiations 
had just as great a political as economic impact, and the results had to satisfy 
both political and economic necessities. 

It may be seen from the preceding remarks that the mineral specialists 
during the war found themselves, perhaps unwittingly because of training or 
experience, having to extend themselves far beyond the field of strict geology 
and of being cogs even in the building up of political relations. 


FUTURE MINERAL PROGRAMS. 


The lesson learned from this war, as also from World War I, was that 
in the midst of the stress of war we had to import for war purposes millions 
of tons of minerals costing billions of dollars. This cost was vastly greater 
than if these materials had been accumulated for emergency purposes during 
peacetime. It meant further the diversion of mining equipment from domestic 
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factories that were hard pressed to turn out other urgently needed war 
materials. It meant demands upon scarce manpower in competition with 
the building of ships and planes and munitions. It meant overseas dispatch 
of this equipment in ships too few in number and which required diversion of 
warships to convoy them in safety. These costly drawbacks could have been 
saved if we had not almost criminally neglected building adequate prewar 
mineral stockpiles. 

During this war our domestic mineral resources have undergone rapid 
depletion, and there are now several minerals in which previously we were self 
supporting but henceforth we will have to rely in part upon foreign imports. 
Moreover, despite energetic exploration, no new large deposits of the major 
base metals have been found for replacements. Consequently, if from now on 
the United States is going to be more pinched in peacetime, and in view of 
the quantities of minerals needed for modern war, will we not be even more 
pinched if another emergency should burst when we have less of our own 
to draw upon than before. To await the possible transformation of common 
minerals into strategic industrial minerals is still an alchemist’s dream upon 
which we cannot gamble our future security. Therefore, stockpiles of miner- 
als should be accumulated now under conditions more effective and less 
costly in blood and treasure than wartime accumulation. We all sincerely 
hope that they will never be needed for another war, but we would be remiss 
if we have not learned a lesson from the last two wars and once again should 
speculate on hope. Our mineral resources have been largely responsible for 
our industrial supremacy and, as Leith has noted, have permitted our seven 
percent of the world’s population to do forty percent of the world’s work and 
to attain the highest standard of living in the world. As Elmer Pehrson 
stated, the faster we grow in industrial might the faster we exhaust the very 
basis of this power. Minerals are, then, the basic foundation of might, and 
might means the security which we all desire. Mineral stockpiles are more 
basic than battleships and bombers; their very existence might help avert 
future attack and guarantee the safety of our nation in years to come. Con- 
sequently, we should plan immediately toward the accumulation of emergency 
mineral stockpiles. 


FUTURE DEMANDS UPON GEOLOGY AND GEOLOGISTS. 


I was asked to present in this talk some viewpoints with respect to future 
foreign mineral exploration and the demands that may be made upon geology 
and geologists. 

The preceding remarks point to several of these. The comments in regard 
to our dependence during the war upon the necessity of foreign minerals, 
and of future mineral stockpiles, clearly indicate the desirability of appraisals 
of foreign mineral resources upon which we might have to look to supply 
any future emergency and also our future peacetime growth. We should 
plan for that time, not so far off, when the continuing heavy drain upon our 
own partly depleted mineral resources causes reserves to approach exhaustion. 
C. K. Leith has pointed out that in the last thirty years the output of minerals 
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in the United States has exceeded the prior output of the entire world, and 
Elmer Pehrson has recently estimated that on the basis of the rate of consump- 
tion during the five years preceding the war, there remain only some 33 years 
life of copper reserves, 18 of zinc, 11 of lead, 8 of bauxite, 6 of vanadium, 3 
each of antimony and tungsten, and only 2 of mercury. Many others, includ- 
ing most of the ferro alloy minerals, are almost lacking or absent. These 
figures indicate the necessity of ardent search at home and abroad for reserves 
to replace these waning ores. Mostly they will have to come from abroad, 
and every art and device of scientific ore finding must be employed. This 
involves not merely advanced technologic procedures, but fundamental studies 
of the theories and controls of ore deposition, and of structure, petrology, 
stratigraphy and geomorphology. Here then is a field that challenges geology 
and geologists. Foreign work of this kind will be undertaken by aggressive 
forward-looking mining companies; in part it can be undertaken by mineral 
attachées ; but it can best be undertaken by cooperative work between our 
Government agencies and those of foreign governments. Recently, the U. S. 
Geological Survey has been carrying on such cooperative work and, with care- 
fully chosen personnel, it could well be a more important part of its future 
programs as our own mineral depletions spell the necessity of greater imports. 

As the greatest consumer of tin in the world and a producer of none, we 
could well enter world tin production rather than be a passive receiver, This 
applies also to many of those other minerals of which we depend entirely 
upon outside sources. For such development of new resources the geologist 
would be called upon to play an important role in the early phases of explora- 
tion, development and appraisal. Foreign exploration and development of 
this nature presumably would be undertaken by organized mining companies, 
rather than by the Government, and in close cooperation with our Depart- 
ment of State whose guidance and support would be necessary in initiating or 
entering new foreign commitments. Such foreign ventures to be lasting and 
secure would have to carry support of the host countries and inure to the 
mutual benefit of both. Without the security of return of capital, no capital 
will be invested in foreign -ventures, and without the assurance of benefits to 
the owning country, no investments will be permitted. Our Department of 
State, therefore, has an opportunity of leadership in establishing foreign re- 
lationships conducive to foreign mineral developments by our citizens. 

China today is giving thought to expansive mineral developments both to 
make it self-sustaining and to provide more mineral exports in order to build up 
needed foreign exchange. In this she is looking to help from America. 
Here is a further opportunity for geologists. India too, desirous of accumu- 
lating dollar exchange, is taking vigorous steps to expand its mineral output 
and create new sources of mineral supply for export. 

The various factors discussed above should tend to make Americans more 
foreign minded with respect to the mineral industry and create thereby greater 
demand and opportunity for geological work in the future. 
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In enumerating some of the accomplishments of our foreign mineral opera- 
tions, I should like to emphasize that results have been made possible by the 
unselfish patriotism and loyal cooperation of the individual members of our 
staffs, both in Washington and abroad. I regret that it is impossible to 
enumerate the accomplishments of each. 

YALE UNIVERSITY, 

New Haven, Conn., 
Dec. 26, 1945. 








LANDSLIDES AND THEIR RELATION TO ENGINEERING 
IN THE DUNEDIN DISTRICT, NEW ZEALAND. 


W. N. BENSON. 


ABSTRACT. 

The rocks of the Dunedin district comprise feldspathic quartz-schists 
on which rest sandstones and argillaceous mudstones divided by bands of 
incoherent sand or glauconite. Lavas cover much of the region. Rock- 
slides in the schist have constricted a river gorge; pipes feeding a hydro- 
electric generating station have been displaced by the creeping of schist 
debris; earthflows in mudstone have displaced roadways and railway em- 
bankments, and prolonged slumpings have dislocated buildings, a railway 
tunnel and a water supply pipeline, and have produced striking topographic 
effects. Rates of movement have been determined, and the factors con- 
trolling their variation are quantitatively discussed. 


IN A previous paper the author considered the relation of landslides to geo- 
logical structure and topography.' It is proposed here to consider more fully 
their relation to engineering structures. The general geology and topog- 
raphy of the district is as follows. The basement formation is quartz-albite- 
chlorite-muscovite-schist with well marked schistosity, the plane of which has 
a dominant though not invariable eastward dip at moderate angles.?, On a 
peneplain cut in these there rests a series of sediments comprising : basal upper 
Cretaceous conglomerates and sandstone 50-400 feet thick, followed by latest 
Cretaceous (?)-Lower Eocene fine-grained argillaceous glauconitic (Abbots- 
ford) mudstone 800 feet thick; and ‘incoherent (Loose or Green Island) 
sandstone 0 to 200 feet thick, thinning out into a plane of disconformity in the 
northeastern portion of the district; an exceedingly fine-grained grey argil- 
laceous Upper Eocene (Burnside) mudstone 175 feet thick, locally rather 
marly and generally somewhat plastic with a consistency resembling that of 
pipeclay; a thin (6 feet) layer of glauconitic or “greensand” marking a dis- 
conformity ; and a thick (800 feet) Lower Miocene calcareous (Caversham) 
sandstone. During late Tertiary times these formations were inclined south- 
easterly, i.c. seaward, and a peneplain was cut obliquely across them reexposing 
and slightly lowering the surface of the schist.in the northwestern portions 
of the district. A complex and varied succession of basalts and more or less 
alkaline lava-flows and feldspathic bouldery mudflows spread over the coastal 
regions adjacent to Dunedin.* Less variable basalts and basanites covered 

1 Benson, W. N., Landslides and allied features in the Dunedin district in relation to geo- 
ig structure, topography and engineering. Roy. Soc. New Zealand Trans, 70: 249-263, 

2 Turner, F. J., Structural petrology of the schists of Eastern Otago. Amer. Jour. Sci. 
238: 73-106; 153-191, 1940. 

3’ For a comprehensive summary of these see Benson, W. N., Cainozoic 1 


inces in New Zealand and their residual magmas. Am. Jour. Sci. 239: 537 
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much of the surrounding regions. Marked deformation followed. The bared 
schist inland was elevated into a fault-folded plateau, while the coastal area 
was thrown into strong anticlinal and synclinal folds with a NE-SW trend.+ 
Erosion in consequent valleys followed by depression led to the youthful 
dissection of the plateau and anticlinal ridges, the enlargement of the synclinal 
valleys and the alluviation or drowning of the major synclines (Fig. 1). 
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n) LANDSLIDES ON THE SCHIST. 

th- The schist rock is characterized by a marked concentration of albite and 
ing chlorite into laminae parallel with the schistosity. It is divided by joints 
ms parallel and perpendicular to the strike and dip of the schistosity, in which 
ess readily percolating water causes rapid and complete reduction of these min- 
stal erals to clay and fine flaky material making an efficient lubricant for move- 
red ments on the laminae. Hence landsliding is of frequent occurrence on the 
wins steep eastward-facing sides of youthful gorges, especially where their erosion 
263, slopes are inclined more steeply than the schistosity-planes of the rocks. 
aan Two instances of this have been important in connection with engineering 
; works, 

rOVv- 


4 Benson, W. N., The basic igneous rocks of Eastern Otago and their tectonic environment. 
Part I. Roy Soc. New Zealand Trans. 71: 208-222, 1941, 
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Rapid Movement, “Rock-Slide.” °—A_ portion of the Dunedin water 
supply is conveyed from a stream on the plateau 35 miles WNW of the city 
by a pipe line which is carried across the gorge of the Taieri River where it 
follows the general strike of schists dipping eastward at angles between 20 
and 40°. The youthful gorge was cut into the schists more rapidly than 
could be followed by the normal processes of slope adjustment and creeping of 
debris. The structural planes were undercut and mass movement, extending 
over a length of more than a half mile of the valley side, occurred along planes 
loosened and lubricated by percolating waters, and a sheet of material ex- 
tending 700 feet up the slopes descended into the valley making an obstruction 
with a minimum depth of about 60 feet (Fig. 2). Many of the displaced 
rock slabs on the hill slope still lie with their schistosity-planes almost parallel 
to their original inclination, but in the valley they form an aggregate of 
irregularly tilted blocks, between which open spaces extend to a considerable 
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Fic. 2. Cross-section of the Taieri River gorge. 

depth, though beneath the river level they have been filled by silt. The 
slabs are bounded by joint-planes, and are of all sizes up to 40 or 50 feet in 
length and 30 feet in thickness. Those 10 to 20 feet in length and thickness 
are common. This collapse probably occurred well over a hundred years ago. 
The broad river has aggraded its channel for more than a mile above the 
obstruction, crosses it through a very narrow constriction cut about 20 feet 
into the slipped material, and cascades for about a half mile down its lower 
flank to the original valley floor. The presence of this constriction permitted 
the erection of a pipe bridge much shorter than could have been made at any 
other point within five miles of the present crossing. 

Slow Movement: “Debris Slide.” °—Twenty-five miles WSW of Dunedin 
the municipal hydroelectric power station on Waipori Gorge has its water 
supply from a storage reservoir on the plateau at the head of the gorge and 
three miles to the north leads through a tunnel to a point 680 feet above the 
river bed. The water was carried to the power station by four pipes, (three 
of 42 inches and one of 60 inches diameter), anchored-at intervals to blocks 


5 Sharpe, C. F. S., Landslides and Related Phenomena. Columbia Univ. Press, 1938, p. 76. 
Cumberland, K. B., Soil Erosion in New Zealand, pp. 38, 71-74, 85-88, 97. 
6 Cf. Sharpe, op. cit., p. 74. 
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of schist projecting above the general slope, showing the regional inclination 
of schistosity planes, and so massive that, prior to 1929, no doubt was enter- 
tained as to their solid foundation. In that year thawing of an unusually 
heavy snowfall was followed by small slumpings of the valley sides, a displace- 
ment of small drainage pipes by several inches, and a slight opening of the ex- 
pansion joints in the pipe lines. These openings were measured at each 
expansion joint at short intervals until a fortnight later they ceased to be 
perceptible. The averages of these measurements, assuming with some justi- 
fication a practically constant temperature of the water in the pipes, shows 
accurately to within 0.02 inch the elongation of the distances between the 
several anchor blocks, but the mothod adopted did not permit the detection of 
inward thrusting or closing movements in the expansion joints (Table I). 


TABLE I. 
MEASUREMENTS OF EXTENSION OF THE PIPES BETWEEN ANCHOR BLOcKS G AND F AT WAIPORI 
COMMENCING PROBABLY AT AN EARLY Hour ON JULY 20. 
Note the amount of the first extension which was not measured is inferred from the total 
measurements made subsequently, and the total extension of the pipes in this interval determined 
after the cessation of slipping. 


lime of | Extension rime | extension | Time | Extension 

Measurement Inches | Hours | Inches | Hours | Inches 
July 20 10a.m.| 0.98 July 25 8pm.| 3.41 |July30 Sam.| 4.17 
9pm. | 1.28 26 9am.| 3.23 | 31° JO0saue..| § 4223 

21 9 A.M. | 1.60 8 P.M. | 3.38 | 8 P.M. | 4.29 
9pm. | 1.98 27 < 8iajae| 2354 “| Augeeie (San 4.29 

22 10 P.M. | 2.48 8 p.m. | 3.61 2 7AM. 4.36 

23 9 P.M. | 2.79 28 3-P.M. | 3.73 | 7 P.M. 4.36 

24 Noon | 2.92 29 10am.| 4.04 | = = 

25 10 a.m. 3.17? 8 P.M. | 4.04 | _ — 








After movement ceased a resurvey of the distances of the anchor blocks from 
the datum mark at the power station, showed the total movements indicated 
on Fig. 3,a and b. A slight clockwise rotation of the angle block D was seen 
to have accompanied its down slope displacement. Since the blocks were 
thus shown to be without solid foundation, it was decided to replace the pipes 
by a pressure tunnel running below the creeping debris on the adjoining spur. 
Geophysical (seismic) investigations and pits were made to determine the 
minimum depth requisite for this tunnel. These observations, together with 
the nature of the material encountered during the construction of the tunnel, 
form the evidence for the sub-surface detail shown on Fig. 3 b, which, though 
observed along the tunnel line, is probably comparable with that beneath the 
adjacent pipe line. It is evident that the effects of weathering and consequent 
instability of material on the slope may locally extend to a depth of 200 feet. 

The movement of the anchor blocks show that the greatest elongation of 
the distance between two blocks, i.e., the greatest opening of an expansion joint, 
was that between blocks F and G. The expansions between other blocks 
were smaller, less regular and evidently affected from time to time by varying 
differential movements of the blocks. Attention was therefore directed to the 
expansion movements observed in the joint immediately below block G. 
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These are given in Table I and plotted in Fig. 3c. The writer is indebted 
to Mr. J. G. Alexander, Dunedin City Engineer during 1929, for calculating 
the equation of the curve most closely representing the observed elongations of 
the distance of F from G. This proves to be Y = 6.727 € 188" + 2.522 €-°!%, 
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Fic. 3 A. Topographic plan showing horizontal components of pipe-move- 
ments. B. Geological section showing total movements of anchor-blocks. C. 
Graph of movement between two pipe-line anchor-blocks during 1929 landslide. 


where Y is the distance in inches from the inferred position of final rest, and 
X is the period in days from a point of time. The double exponential form 
suggests that two factors determined its nature, the normal decrease in the 
rate of sliding with frictional resistance greater than the gravitational accelera- 








tion, a 
lubrica 


precise 
slippin; 
contint 
therefr 
Block ( 


Rel 
Eight 1 
Cook 
base tl 
genera 
about t 
residua 
issue s 
the bas 
The w 
slightly 
which, 
Most o 
Hedge: 
60 ser\ 
and th 
on the 
the crit 
ing tho 
basalt-1 
in 187( 
draine 
a heavy 
across 
1939 4 
thawin; 
turf w: 
small \ 
more ( 
center | 
torn an 
sides o 
unbrok 
with sl 
there i 
decreas 


* Cf. 








ve- 


and 
rm 
the 
-ra- 





LANDSLIDES AND THEIR RELATION TO ENGINEERING. 333 


tion, and the increase in that resistance resulting from the draining of the 
lubricant water from the moving debris. It is impossible, however, to give 
precise interpretation to the several constants. The curve suggests that the 
slipping of Block F relative to Block G began at 8 a.m. on July 19th and 
continued for a fortnight closely following the above equation. The departure 
therefrom during July 25-29 probably resulted from a small movement of 
Block G relative to the stable Block H, and perhaps from temperature-changes. 


THE GLAUCONITIC ABBOTSFORD MUDSTONE. 


Relatively Rapid Movements. Mudflows* Accompanied by Slumping.— 
Eight miles west of Dunedin is a basalt-cone, Saddle Hill, named by Captain 
Cook during his first trip along the New Zealand coast in 1770. From its 
base the land surface extends a mile and a half down to the shore with a 
general slope of about 6° to 8° cut in Abbotsford mudstone dipping with 
about the same direction and inclination, and covered here and there by small 
residuals of a thin well jointed basalt sheet. From the margins of these 
issue springs, which are the sources of streams as yet cut but little below 
the basalt on the surface of which they were originally consequent (Fig. 4). 
The weathered mudstone is very prone to mass movement. It forms a deep 
slightly flocculated clay separated from the fresh rock below by a thin layer 
which, charged with percolating water, becomes a very efficient lubricant. 
Most of the land surface, even when gently sloping, shows signs of earthflows. 
Hedges planted by the first European settlers after clearing the land in 1850- 
60 serve to distinguish between areas which have been stable since that date 
and those which have recently moved. There is little evidence of slipping 
on the broad water partings, where the average slope has been reduced to 
the critical angle, but there are clear signs of mass movement on all the flank- 
ing though still gentle slopes. In the area mapped masses of earth, clay and 
hasalt-rubble, which had come to a temporary stability in 1860, moved again 
in 1870, 1910 and 1936, as a result of the discharge on to them of water 
drained artificially from the land above, and, in particular, slips mobilized by 
a heavy discharge from certain springs in 1925 partially destroyed a roadway 
across the center of the area illustrated. In the abnormally wet January of 
1939 more extensive though slow movement occurred, and following the 
thawing of a thick snow sheet six months later, the deep soil beneath the 
turf was converted into a fluid mass which in a few days moved down the 
small valley for over three-quarters of a mile, leaving at its head an acre or 
more of hummocky torn turf and a slump scarp forty feet high. In the 
center of its course (between lateral masses of pressure-ridged soil comprising 
torn and “jumbled” fragments of hedges, and seamed with fissures the gaping 
sides of which display nearly horizontal striae), nearly 10 acres of almost 
unbroken turf crossed by a hedge lined metalled road were carried forward 
with slight rotation for more than two hundred yards. At the lower end 
there is the normal “bulging, badly crevassed dome” which seems to have 
decreased in height as surface water entered its gaping fissures, and increased 


7 Cf. Sharpe, op. cit., pp. 50-57 and plate V. 
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the liquidity of its lower portion. A few months after the main movement 
ceased, a tongue of mud protuded from the base of the terminal dome and 
moved during the next six months about 200 yards farther down the valley, 
until it settled down into an unfissured mass as its water gradually drained 
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lic. 4. Geological map of Saddle Hill and the 1939 landslide. 


away, and now is becoming temporarily stable under a new cover of vege- 
tation.S The average gradient of the surface on which the material moved is 
about 5°, that of the upper surface from scarp-foot to the top of the terminal 
dome is about 4°. (For illustration see Benson, 1940, Plate 34.) 


8 Cf. Putnam, W. S., and Sharp, R. P., Landslides and earthflows near Ventura, southern 
California. Geog. Rev. 30: 591-600, 1940. 








Extr 
face of | 
plex exe 
parable ° 








Peat and Swo 
Deposits 








The 


stone, | 
The pre 
is cover 

Cf. ! 


10 Rus 
Geol. Sur 











LANDSLIDES AND THEIR RELATION TO ENGINEERING. 335 

Extremely Slow Slumping with Backward Rotation..—The northeastern 
face of Swampy Hill six miles north of Dunedin (Fig. 5) affords a com- 
plex example of the slumping of basaltic lavas on a plastic formation com- 
parable with that briefly described by Russell.’ 
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Geological map of major slumping area on Swampy Hill with 
inset diagram. 


The sedimentary rocks concerned are Abbotsford Mudstone, Loose Sand- 
stone, Burnside Mudstone and a thin development of Caversham Sandstone. 


The pre-basalt surface, cut obliquely through these sedimentary formations, 
is covered by a tuffaceous mudflow-conglomerate with feldspathic matrix, on 
9 Cf. Sharpe, op. cit., pp. 65-71. 


10 Russell, C., Preliminary report on the Cascade Mts., in northern Washington. U. S. 
Geol. Surv., 20th Ann. Rept. 11: 93-200, 1900. 
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which rests a sequence of basalts, dolerite and trachybasalt over 600 feet thick. 
Warping and faulting during the period of igneous activity was accompanied 
by the injection of a massive plug of phonolite and some emission of phonolitic 
lavas. Following the elevation of the area to form Swampy Hill, the head 
waters of a stream which enters the sea at Waitati eroded away the buttressing 
sheets of lavas from the flank of the hill, and facilitated (within an area be- 
tween tectonic faults) the plastic flow of the mudstones beneath the burden of 
the remaining lavas. The mudstone bulged outwards from the hill slope, 
while above and behind the lava sheets broke into a series of lunate backward- 
rotating slump strips separated by slump scarps, the highest of which is near 
the summit of the anticline, extending a mile and a half backwards from the 
lower edge of the lava cover. This major scarp bounding the depression is 
over 500 feet high. The intrusive mass of phonolite acted as a prop support- 
ing the southern margin of the major slumping area, for the subsidence was 
greater on the northern side which broke into a fault-angle depression draw- 
ing off from Williams Creek the present headwaters of Burns Creek, which, 
being thus rejuvenated, has cut a gorge over 50 feet deep into the former 
more matured basalt floor. The northern margin of the major slumping 
lunule has been further broken into narrow backward-rotated strips, giving 
rise to a series of gently sloping or alluviated reaches or peat swamps drained 
by narrow gorges cut through the successive slump scarps to a depth (in one 
case) of over 100 feet, thus affording an indication of the length of time such 
mass movements have been in progress. Study of one of these fault-bounded 
depressions to test its suitability for a municipal storage reservoir was the 
occasion for the writer’s detailed examination of the area in 1927. A number 
of pits in the alluvium showed that even the sub-Recent peat had been dis- 
placed about 4 feet by faults concealed beneath the youngest alluvium. 
Nearby two modern slump-faults have scarps of uneroded soil several feet 
high, one of which was traced northward into an arcuate trough now 8 to 16 
feet deep, which is probably a tension-fissure partly filled by lateral slipping of 
soil. Though the diagram shows these minor slump faults extending down 
into the Abbotsford Mudstone, a proportion of the movement probably oc- 
curred within the Loose Sandstone. A still more striking example of the 
opening of a tension fissure occurs 800 yards east of the “reservoir site” 
where a fracture bounded sheet of lavas over 100 feet thick and 50 acres in 
area, has moved bodily eastward, probably on the feldspathic mudflow and 
the underlying mudstones, leaving behind a cliff-bounded trough 20 to 40 
yards wide now filled with low tangled bush. The inclination of the surface 
on which it moved is probably about 2° to 3°. A line of pipes, diverting the 
drainage water from Swampy Hill into a reservoir beyond the area illustrated, 
follows the lower margin of the volcanic rocks and is continuously moving. 
Here the volcanic rocks rest on Caversham Sandstone, which, as its calcareous 
cement is removed by percolating waters, is reduced to a mass of readily 
rolling grains. A displacement of the pipes, 26 feet laterally and 16 feet down- 
wards within 20 years, marks the latest phase of the long continued move- 
ments within this area. 
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BURNSIDE MUDSTONE., 


Flowage-Folding, Slumping, Shearing and Earthflow.—The Warrington, 
Seacliff, Puketeraki region 12 miles northeast of Dunedin consists essentially 
of a gentle eastward-plunging anticline in which the highest sediments are 
surnside Mudstone with a thin incomplete cover of Caversham Sandstone 
over which lies a series of basalts and phonolites. The erosion of streams 
consequent upon the folded surface of the lavas has removed them from the 
middle portion of the flanks of the fold so that extensive areas of Burnside 
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Fic. 6. Topographical and geological map and section of the Seacliff area. 


Mudstone are exposed both to the south and north of the fold axis and are 
underlain by Abbotsford Mudstone exposed in the northern base of the ridge 
and overlain by remnants of Caversham Sandstone and its lava covering on 
the southern side and the eastward plunging end of the fold (Figs. 6 and 8). 
The Loose Sandstone between the two mudstone formations is about 30 to 
100 feet thick in the south and west and the south part thins out to 2 to 0 feet 
thick in the east and north. The effects of slumping and earthflow as they 
affect the roads and railways in the southern flank of the fold between War- 
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rington and Seacliff have been briefly indicated elsewhere.'t They show fea- 
tures which, on a small scale, recall those described as occurring in Southern 
California.’ 

Attention is here directed to the Seacliff region, and certain considerations, 
not hitherto discussed, are adduced. Here about 600 acres were set aside 
as a suitable site for a Mental Hospital, notwithstanding the opinion ex- 
pressed by the Director of the Geological Survey, Sir James Hector, that “the 
clay would move—like any other plastic substance—with an almost molecular 
motion.” Its apparent instability, he thought, resulted from its inherent 
nature, and should not be considered as due to slips “‘such as appear in all 
similar country where bush is removed.” ?** Its beautiful situation and ter- 
raced topography, and perhaps the occurrence of an apparently “firm clay 
foundation” for buildings, may have seemed to confirm the choice, but disil- 
lusionment soon followed, and Hector’s opinion proved to be so well founded 
that now after sixty years experience of the disruptive effect of the move- 
ment of the “clay” (Burnside Mudstone) foundation of the buildings, it has 
heen decided to vacate this site as soon as buildings can be provided elsewhere. 

The geological features as displayed on Fig. 6 show that the “terraces” 
are merely the surfaces of backward-rotated slump-strips, their recent move- 
ment being indicated by the breaking of water-pipes which pass beneath the 
scarps. Four different types of movement are displayed. Even before the 
removal of inuch of the lava covering, the Burnside Mudstone, yielding under 
gravity, had raised slightly the upper edge of the sandstone and basalt lying 
on its lower portions, so that they dip seaward at angles rather greater than 
determined by the tectonic folding." The slight upturning of the basalt 
crowned by the Seacliff Church, and the course of the small adjacent valleys 
result from this local warping. The obstruction to flowage of the mudstone 
afforded by the wedge of covering rocks, has made it relatively stable in the 
ridge followed by the District Road. Farther east, however, this barrier has 
been lowered by erosion, and the mudstone flows slowly into the outlet thus 
afforded, probably moving in part on the underlying Loose Sandstone which, 
when water-filled, would act as an immense ball-bearing. The railway line 
which crosses the moving mass needs frequent realignment for it is displaced 
by varying amounts, sometimes 6 inches per year. The line of shear between 
the moving and stable mudstone, though not readily observable on the land- 
surface, is sharply marked by its effect on buildings, and is traceable for a half 
mile. The office of the original Seacliff railway station was built over it, 
and was soon pulled to pieces. More disastrously, the line passed under the 
eastern end of the main building of the mental hospital, which, erected in 
1882, soon showed signs of fracture, and was demolished a few years after- 
wards (Fig. 7). The southeastern wing remained, however, and was con- 
nected to the main building by a wooden structure resting on a concrete raft, 

11 Benson, op. cit., 1940, pp. 258-259 and Fig. 4. 

12 Putnam, W. S., and Sharp, R. P., op. cit. 

12a Report of Commission of Enquiry. ‘Evening Star,” Dunedin, February 15 and 24, 


1888. 


. 


13 Cf. Harrison, J. V., and Falcon, N. L., Collapse structures. Geol. Mag. 71: 529-539, 
1934, 
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which in the course of time has been rotated horizontally through 4° .08’, 
or on the average 0° 5’ 08” per annum. Most of the movement (i.c. 2° 40’) 
occurred between 1918 and 1933, the average rate being 0° 7’ 12.5” per 
annum. The annual rate of displacement of corner X of the southeastern 
wing also increased from an average of 1.76 inches between 1882 and 1937 
to 2.04 inches over the shorter period. Moreover it was found that by 1937 
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1882-1937, compiled from plans Dn 2369, 5306 and 5765 of the N. Z. Department 
of Public Works. 


corner Y had been displaced five and a half inches more than corner X. The 
increased rate of movement may have resulted from the greater vibration of 
the hill because of increased traffic on the adjacent railway. The shear-line 
farther up the hill passes beneath a building “A” erected about 1927, the 
northeastern end of which has been displaced with a comparable rate and 
direction along a sharply marked line. Analogous effects are seen at “B” 


still farther up hill. In addition to this massive displacement there are minot 
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superficial earthflows of rain-sodden mudstone, which have so modified the 
slump-scarps that they cannot be accurately mapped nor distinguished from 
normal valley-heads. The basalt on the inner margin of the slumping strip 
bearing the main hospital, though exposed in a foundation trench, has been 
generally covered by the mudstone flowing down from the adjacent scarp. 
Buildings are fairly stable when placed on nearly level surfaces away from 
the scarps, but are affected by earthflow, especially after heavy rain, when 
they are placed on or near the edge of steeper slopes. Those marked “M” 
are examples of this. 

In the valley of the main creek the surface of the moving mudstone carries 
residual blocks of its former basalt cover, which become piled into low hum- 
mocky moraine-like masses especially on the northern side of the main road, 
where the moving surface material is approaching the obstructing cover of 
sandstone and basalt on the mudstone. These masses were at one time 
thought to be moraines. Some of the transported boulders are carried on 
to the Caversham Sandstone, across which their slower progress is aided by 
the above described solution weathering of the sandstone. From here they 
are discharged as small rock falls over the edge of the sandstone-cliffs into 
the sea. 

On the sandstone and lava surfaces in the eastern portion of the area 
illustrated there occur from time to time small earth flows of partially weath- 
ered detritus such as are normal on deforested hill-slopes. 


CAVERSHAM SANDSTONE AND BURNSIDE MUDSTONE: 
SLUMPING AND EARTHFLOW. 


The main railway connecting Dunedin with regions farther north, con- 
structed in 1878, passes in a tunnel through a ridge of Caversham Sandstone 
to emerge from a cliff face adjacent to Puketeraki railway station three miles 
beyond Seacliff (Fig. 8). Between the tunnel and the station a small stream 
originally flowing in a fault-angle depression has cut through the sandstone 
into the mudstone beneath, permitting slumping of the sandstone, splintering 
the former fault scarp into a series of slump scarps. Every feature favorable 
to landsliding is here present: moderate rainfall (30.6 inches per year); a 
jointed porous sandstone resting on a thin layer of incoherent greensand 
above semi-plastic mudstones containing a thin band of incoherent quartz 
sand ; all formations dipping seaward at considerable slope (16°) ; and frequent 
vibration caused by railway traffic and wave attack on the closely adjacent 
shore. Hence from the outset cracking of the tunnel lining with lateral and 
downward movement of the railbed were a constant source of trouble to the 
engineers, and called for frequent realignment of the permanent way. It was 
not realized until recently that the explanation of the trouble lay in the fact 
that the tunnel had been constructed through slumping material. The general 
topographic and structural features will be clear from Fig. 8. A geological 
map and brief discussion of a larger area including -that here illustrated have 
been published elsewhere.'!| Through the courtesy of the Otago District 


14 Benson, W. N., 1940, pp. 256-257 and Fig. 3. 
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Engineer for Railways the writer has been permitted to analyze the various 
measurements of the movements which have been made from time to time. 

The tunnel slopes northward with a 1 in 66 (114 per cent) gradient. The 
elevations of points on the crown of the tunnel arch, taken in 1932 at intervals 
of ten feet along its length and referred to a datum on the north portal (pro- 
visionally assumed stable since 1878), are illustrated graphically on Fig. 8 B. 
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Fic. 8. Geological block-diagram of the Puketeraki area. Inset A. Geologi- 
cal structure. B, Vertical displacements of tunnel-crown, 1878-1930. C. East- 
ward and downward displacement of tunnel-crown, 1928-1936. D. Amount and 


direction of slip of tunnel-crown, 1928-1934. E. Relation of slip to rainfall 1928- 
1934, 


Actually the south portal is probably the most nearly stable point in the tunnel. 
It is, therefore, used as the datum-point for the estimates of relative vertical 
movement recorded below, though the positions of the reference points are 
measured from the north portal. Commencing from the south the vertical 
movements in the various parts of the tunnel during the interval 1878-1932 
were as follows: 
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516 Ft. from north portal. South portal, here provisionally assumed stable. 

516-370. Almost stable, but with slight dislocations near 445, 420 and:390, each 
with a northward downthrow of about 0.02 inch per annum. 

370-350. Fault-zone with an average northward throw of 0.09 inch per annum 
constituting a small reversal of movement on a southward dipping fault zone, 
which exposures in the new railway cutting show to have had a distributed 
normal pre-basaltic downthrow of 4 feet. The tunnel-lining was cracked here. 

350-245. A slightly fractured slumping strip the mid-point of which subsided 
0.105 inch per annum. Backward rotation 0° 0% 5.8” per annum. 

245-240. Shatter zone; extensive and repeated rupture of the tunnel roof and 
lining and displacement of the permanent way at about 245-240, with an aver- 
age northward throw of 0.16 inch per annum. On the land surface above 
the tunnel is a small slump scarp 2 feet high, which was therefore little more 
than a foot high when the tunnel was made. 

240-160. A broken slumping strip consisting of variously moving units, causing 
numerous fractures in the tunnel lining. The mid-point of this strip sub- 
sided at the rate of 2.83 inches per annum. 

160-170. Unbroken slumping strip, the mid-point of which subsided 0.222 inch 
per annum. ‘The inclination of the stratification-plane, though not precisely 
measurable, is about 9° greater than in that of the stable region farther south. 
As the strip rotated backwards at the rate of 0° 0’ 24” per annum the period 
during which rotation persisted (prior to its augmentation by traffic-vibration) 
was probably more than 3,000 years, if climatic and aseismic conditions com- 
parable with those now existing have continued throughout this. period. 

70. Slight faulting on a minor stability surface or arc of rupture. Cracks in 
tunnel lining. 

70-0. Unbroken slump-strip. Mid-point subsiding at 0.086 inch per annum, but 
rising at the north portal at 0.074 inch per annum through backward rotation. 


In order to obtain the horizontal as well as the vertical components of 
movement, there was taken as basis a line of sighting from a datum point in 
the station yard 440 feet beyond the north portal, with its azimuth determined 
by reference to distant trigonometrical beacons. The movements of seven 
points on the crown of the tunnel arch (not including the north portal “datum 
point”) were observed at intervals between February 1928 and September 
1936. The horizontal (eastward) and downward displacements observed are 
illustrated on Fig. 8 C (Table Il). Between February 1928 and June 1934 
the average annual backward rotation of two slumping strips prove to have 
been 0° 0’ 8.5” and 0° 0’ 42” in portions of the tunnel which had average 


annual rotation of 0° 0’ 5.8” and 0° 0’ 24” respectively during 1878-1932, 


demonstrating again the increase in mobility probably resulting from increased. 


traffic vibration. After 1934 the detour railway cutting was constructed; 
trains no longer passed through the tunnel, and the rotations rapidly de- 
creased and ceased between April 1935 and September 1936. Reasons for 
this are suggested below. 

The direction and amount of the total slips at the observed points obtained 
as the resultants of the lateral and vertical displacements are given in Table 
If and shown graphically in Fig. 8 D. The most rapidly moving point ob- 
served is that nearest to the north portal (20 feet), and as its direction per- 
pendicular to the tunnel axis is almost parallel to the plane of stratification, 
it has probably moved on the greensand below “as if on ball-bearings.” Far- 
ther in, however, the reference points moved on a steeper slope probably 
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TABLE II. 
MEASUREMENTS OF DISPLACEMENTS DOWNWARD AND EASTWARD AND CALCULATED AMOUNTS 
AND DIRECTION OF RESULTANT SLIP OF REFERENCE POoINTs ALONG 
THE CROWN-AXIS OF PUKETERAKI TUNNEL. 


Distance from North Portal of Tunnel. 





415 ft. | 350 | 240 iso | 115 | 50 | 20 





Subsidences Below Level in February, 1928 (in ins.). 
































| | | | 
To june 1932 TA Ae aah >> Ronen 2.40 2.76 | 2.52 | 3.96 4.32 | 2.88 | 1.56 
SepEOSSit ck ntobertie ehioe oe 3.24 | 3.72 | 3.24 | 5.64 5.64 3.72 | 2.40 
Mar, 1934 Siesmvtie tap week stew aretOt 524}. 3.72 3.36 5 16 | 5.76 4:72) |) 2.40 
MUG 1DBES Ss los Se mete eset ek 3.48 | 3.84] 3.48 | 6.1 2 | 5.88 3.96 | 2.52 
el ee eee 3.72 | 4.20 | 3.72 | 648 | 648 | 4.32] 2.76 
Pr BED b 0.015. sah ba whoa kis 3.72 | 4.20 3.72 | 6.48 i 6.48 4.32 2.76 
| | | | 
mhagiaee ment Eastwards from Position on February, 1928. 
eee Se ety By. 5 ia eee ————_—— ——— Lie oo 
MDMMNC NOS Ds i055, uci ae eis 7.12 | 6.25 | 5.50 | 10.50 | 9.50 9.94 | 11.25 
BEDE AMES iis. fee RA tee Cece 6.75*| 6.50 | 5.62 | 10.87 | 10.37 | 11.06 | 12.50 
REAL OSE be ace eee etek 7.37 | $12 7.50 | 12.87 | 12.50 | 13.14 | 14.37 
DUDE JOSE yay 60 ame ahora eins we 8.50 8.50 | 8.25 | 13.56 | 12.87 | 13.69 | 15.37 
ADT AOSS soso G.5 hea es 10.12 | 9.75 9.00 | 14.50 | 14.00 | 14.94 | 16.12 
Bent eo: 6 vcs ihe er eae 10.12 9.75 | 9.00 | 14.50 | 14.00 | 14.94 | 16.12 
| | | | 
Calculated Amounts of Resultant Slip. 
sik) oy) | : 
Feb. 1928-June 1932............ 7.52 | 6.83 | 6.05 | 11.22 | 10.42 | 10.35 | 11.36 
Bi., 193a—sent: 19336 6s sc cans ee |} 0.99 | 0.82 1.99 | 1.58 1.42 1.on 
Oct. 1933-Mar. 1934............ 0.42 2 | 1.62 | 1.88 sa6 | 213 | 2.08 | 2.08 
Apr. 1934-June 1934......... Po ae 0.39 0.76 | 0.78 | 0.38 0.68 1.01 
Feb. 1928-June 1934............ | 9.19 | 9.59 | 8.70 | 14.87 | 14594 | H24. 360) 17.98 
Bul, Pash—Apr.  1035.. .6 5 <.ci vas cs ) 3.64]. '1.30 0.78 | 1.06 | 1.28 1.46 0.78 
May 1935-Sept. 1936........... | Nil | Nil | Nit | Nil | s Nil | Nit | Nil 





_ wr bes sails 
Calculated Downward Inclination of Slipping. 


| 
Feb. 1928-June 1932............ | 17.99 -20.8° | 
Feb. 1928-Sept. 1936 i 20a" | 2aver | 


* Possibly erroneous. 7.24’ assumed in further calculations. 


as the result of backward rotation against curved stability surfaces ‘® or ares 
of rupture * passing down into the mudstone below, and running not very 
obliquely to the direction of the tunnel axis. Hence the movements of the 
slumping strips within the tunnel may be referred to rotations about two 
intersecting axes, as is indeed suggested by the intersection of slump scarps 
adjacent to the tunnel. 

The average monthly rate of the seven resultant slips calculated for the 
four intervals of 52, 15, 6 and 3 months between the successive observations 

15 Cf, MacDonald, D. F., Some engineering problems of the Panama Canal and their rela- 
tions to geology and topography. U.S. Bur. Mines, Bull. 86, 1915. . 

16 Cf, Fellenius, W., Calculation of the stability of earth dams. Question VII, Second 


Congress on Large Dams, Washington, D. C., 1936. Taylor, D. W., Stability of earth slopes. 
3oston Soc. Civil Eng. 24, No. 3, July, 1937. 
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shows marked variation.’* In order to obtain an approximately accurate 
treatment of the small quantities involved, the averages of the monthly slips 
at all seven points between each observation were calculated. On the tenta- 
tive assumption that the rate of movement was a function of the water lubri- 
cation of the formations involved expressible in the form S = ak*, the aver- 
age monthly rainfall during each of the four inter-observational periods was 
estimated by assuming it to be the average of the monthly falls at the two 
nearest almost coastal rain-recording stations respectively 12 and 16 miles 
distant. Plotting average monthly rainfall against average monthly slip (Fig. 
8 E), there appears an approach to the curve S = 0.0138 R*° (obtained by 
time-weighted least square calculations) which is sufficiently close to indicate 
the probability of the general relation assumed, considering the possible sources 
of error in the stated and tacit assumptions involved (Table IIT). It follows 


TABLE III. 


CALCULATION OF THE RELATION S = .01384 R279 BETWEEN THE AVERAGE MONTHLY RATE 
OF SLIPPING OF THE AXIS OF THE PUKETERAKI TUNNEL = S AND THE LOCAL AVERAGE MONTHLY 
RAINFALL = R DuRING THE INTERVALS BETWEEN THE SEVERAL MEASUREMENTS OF THE PosI- 
TIONS OF REFERENCE POINTS. 














Av. Monthly|Av. Monthly} Calculated 
Interval Months Resultant Rainfall Value of Departure 
| Slip =R Constant 
Feb. 1928-Jun. 1932............ | 52 0.175 ins. | 2.54 ins. 0.01412 +2.0% 
Jul. 1932-Sept. 1933........... | 15 0.083 ins. | 1.97 ins. | 0.01331 —3.8% 
Oct. 1933-—Mar. 1934..... isawode 6 0.291 ins. | 3.19 ins. 0.01270 —8.2% 
Mar. 1934-Jun. 1934........... 3 0.243 ins. | 2.87 ins. 0.01410 +2.0% 
Feb. 1928-Jur. 1934..... | 76 0.171 ins. | 2.46 ins. 0.01475 +6.6% 
Jul. 1934-Apr. 1935........... | 10 *| 0.119 ins. 2.58 ins. 0.00879 — 36.6%, 
Apr. 1935-Sept. 1936............ 17 Nil 2.78 Nil —100% 
| 

















that the rapid decrease in the rate of slip as of the backward rotation during 
the cutting of the by-pass 1934-35 and its subsequent reduction below an 
observable limit, may be largely explained by the deep drainage of the rain 
water out from the fissures in the sandstone into which it descended. 

A further factor, however, may be effective. The building of the ap- 
proach to the by-pass cutting involved the placing of 87,000 cubic yards of 
fill on to the mudstone near the observation datum point in the station yard. 
This may have so increased its tendency to creep under the immensely greater 
weight of the seaward sloping sheet of sandstone and phonolite (a tendency 
demonstrated by the flowage of the mudstone beneath this sheet behind the 
station-buildings during wet weather), that the differential movements of 
the tunnel arch and observation point were reduced below detectable dimen- 
sions. 

In the southeast of the side of the area illustrated by Fig. 8, the constant 
downslope sliding of a small fill is probably the result of movement on the 
surface of the sandstone below when it is rendered incoherent and lubricated 


17 Their directions also are not quite uniform (see Table IT). 
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by percolating water. The railway running for three miles from Puketeraki 
station to the Waikouaiti River lies wholly on Burnside and Abbotsford mud- 
stone. It is affected throughout its length by slow superficial earthflow 
characteristic of those formations even on very gentle slopes. Its effect on 
“fills” across valleys is considerable.* The resurvey of the railway line 
over this stretch 58 years after its construction showed that all original pegs 
had been displaced, and no stable datum point could be selected within it. 
As the District Railway Engineer reported in August, 1936, “The whole of 
the country is moving towards the sea at various rates.” 

Landslides presenting some features like those of the Swampy Hill area, 
though with special characteristics, occur at Moeraki, a small fishing and 
summer-holiday village thirty-five miles northeast of Dunedin. Here the 
ancient basement formations are covered by Cretaceous conglomerate and 
sandstone on which rest Upper Cretaceous, approximately Danian, silts and 
Lower Eocene greensand and glauconitic mudstone followed by Middle and 
Upper Eocene mudstone similar to and including the Burnside Mudstone, 
which is here covered by Late Eocene to Lower Oligocene basaltic breccias 
and tuffs. These formations were invaded by dikes and sheets of dolerite 
in Middle Oligocene time. The latter are extensive, cross the bedding plane 
of the invaded formations obliquely, and where thickest, are gravitationally 
differentiated. They have altered the adjacent mudstone to buchite and 
porcellanite, and present a variety of interesting petrographic features which 
have been described elsewhere.'® The Eocene mudstone is remarkably 
plastic in bulk, and flows out from deeply recessed slump-scarps as shown 
by the arrows in Fig. 9. In 1876 a short branch line was made from the 
main trunk railway (a half mile in front of the area illustrated), in order to 
connect with the fishing port. It was, however, built across moving mudstone 
just west of Tawitiatiauka Point, and so this branch line was “never a suc- 
cess, the land was constantly moving seaward, and before long the line was 
closed and the tracks lifted.” Movements are still in progress, disrupting 
the roadway and: affecting buildings near the dislocated portion of the old 
railway. Moreover, though the latter was in a very sheltered spot, wave- 
action cuts back the low mudstone cliff at the rate of a few feet per year, and 
the present shoreline is not only a hundred yards inland of its position in 
1860, but is nearly fifty yards inland of the former position of the railway 
embankment. Massive blocks of stone, which formed the basement of that 
embankment, now rest on the wave-cut platform, and have been carried on 
the moving mudstone many yards seaward of their original positions. The 
occurrence of innumerable intersecting shear-zones at most a few inches wide, 
separating unbroken blocks of mudstone, as may be seen on the wave-cut 
platform, indicates that the mechanism of movement is by internal shearing 
of small blocks, rather than by a general “almost molecular” plastic flowage. 

The largest of the dolerite-sheets, which slopes seaward at about 6°, has 
been broken by slump-faults into a series of narrow, variously-tilted strips 

18 Benson, W. N., op. cit., 1940, Fig. 3. 

19 Benson, W. N., The basic igneous rocks of eastern Otago and their tectonic environment. 


Part 1V, Sections A, B, and C. Trans. Roy, Soc. New Zealand 73: 116-138, 1943; 74: 71- 
123, 1944; 75: 288-318, 1945. 
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creeping down-slope seaward. As the sheet transgressed the boundary be- 
tween the Middle Eocene mudstone and the less mobile Lower Eocene 
glauconitic mudstone and greensand, the greater rapidity of movement of the 
former has apparently caused the dragging of the eastern end of the highest 
slump-strip away from the unmoved portion of the sheet leaving a slump- 
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Fic. 9. Block diagram of the northern shore of Moeraki Peninsula. 


scarp about 150 feet high overlooking an -astward-widening trough-like 
depression partially filled with dolerite rubble-scree. The northward thrust 
of the margin of the sheet seems to have bent to some extent the bedding- 
planes of the glauconitic formations against which it pressed, as is shown by 
the high dips observable on the outer margin of the tidal platform in front of 
this mass of dolerite. It seems possible also, though the evidence is not 
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from a 
slump-topography of the 
broken and tilted portions of the sheet has provided picturesque and moder- 
ately stable location for a number of “summer-cottages.” Positions of some 
of these are indicated by the (enlarged) house-blocks shown on Fig. 9. 

Finally, it may be noted that the slumping of sandstone in Burnside Mud- 
stone at Cornish Head, four miles northeast of Puketeraki, though uncon- 
nected with engineering works, is topographically spectacular.*’) An illus- 
tration of this has been published elsewhere (Fig. 10) 


conclusive, that the moving dolerite-sheet has been sheared away 
feeding dike, as shown in the figure. The irregular 
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Fic. 10. Landslides at Matanaka (Cornish Head). 


The writer’s thanks are due to the Dunedin City Engineers, the City 
Electrical Engineer, the Otago District Engineer for Public Works, the Dis- 
trict Railway Engineer and the Director of the Dominion Meteorological 
sureau, for the opportunity to acquire and utilize some of the data con- 
tained in this note. 

University oF OTaco, 

DuNEDIN, NEW ZEALAND, 
Feb. 12, 1946. 


20 Cotton, C. A., Geomorphology, 3rd Edit., 1942, p. 25, Fig. 29. 








SOME NOTES ON MICRO-PSEUDOMORPHISM. 
C. SCHOUTEN. 
INTRODUCTION. 


Microscopic examination of many ores has led me to the conviction that in 
literature usually very little attention has been given to /ypogene micro- 
pseudomorphic replacements in sulphidic ores. It is only about martitization, 
silicification of carbonates, preservation of the outlines of original con- 
stituents of igneous rocks, supergene pseudomorphs (general macroscopic) 
and palaeobotanic replacements that more data are available. However, 
micro-pseudomorphism apparently plays an important or even decisive role 
in certain ore deposits, especially in ores formed in sedimentary beds in which 
pyrite or marcasite or carbonates were deposited previously to the work of 
ore-bearing solutions. Probably in igneous rocks, limestone beds, or meta- 
morphic schists, the preservation of the forms of the original constituents is 
also much more common than has as yet been suspected, but here the un- 
ravelling causes greater difficulties. I think, the structures in question are 
generally overlooked, they are looked upon as idiomorphic forms, they are 
not recognized as pseudomorphous or they are not strenuously searched for. 

Micro-pseudomorphs then, being frequently inconspicuous, are found 
with difficulty if occurring on a small scale, but they may be of great sig- 
nificance to genetic studies if extremely common. To give an idea beforehand 
of the scale on which these microscopic -bodies may occur it may be stated that 
up to as many as 10-20 milliards of pseudomorphs could be detected in one 
cubic inch of ore. 

Micro-pseudomorphs in innumerable quantities were at first detected by 
the writer during a microscopic study of the lead-zinc ores of Mount Isa, 
Australia. These ore bodies occur in slates with a very pronounced schistos- 
ity. The stratification is so delicate even in detail that prima facie a syn- 
genetic origin seems likely. An elaborate microscopic investigation how- 
ever discloses the epigenetic nature to be unmistakable. Alas, an earlier pub- 
lication on this subject,’ being more a polemic pamphlet and published before 
the war, had to be written in German in view of the fact that the interpreta- 
tions of two outstanding German investigators had to be opposed in detail. 
This reply, however, printed in Holland, will only be within reach of few 
Anglo-American readers. 

A second publication? deals exclusively with these Mount Isa ores. 
From that article and from a publication of the geologists of the mines * it is 

1C. Schouten: Metasomatische Probleme, 1927. Ed: Scheltema en Holkema, Amsterdam. 

2H. F. Grondijs and C. Schouten: Econ. Gror., 1937, XXXII, p. 407. 


8 Roland Blanchard and Graham Hall: Mt.-Isa Ore Deposition, Econ. Gror., 1937, XXXII, 
p. 1042 
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clear, that pyrrhotite, chalcopyrite, sphalerite, gaiena and tetrahedrite are all 
positively younger than slate and pyrite. 

The object of this article is to give more general remarks on micro-meta- 
somatism and on criteria relations of minerals in connection with the out- 
standing publication on this subject of Bastin and others in Economic 
GroLocy.* 

To give conclusive evidence that is on record as preserved pseudo- 
morphically, even to very critical investigators, some textures and structures 
of the beautiful Mount Isa ores deserve somewhat fuller consideration. 

In his classic article, “The Nature of Replacement,” Lindgren® drew 
attention to the fact that most of the pseudomorphs produced by direct 
alteration have a porous texture. This is not astonishing since in most cases 
pseudomorphism by supergene solutions was concerned; the micro-pseudo- 
morphs observed by the writer as being generally hypogene have not; they are 
generally massive. 

Much attention has always been given to replacement veinlets, to tran- 
secting structures or textures, to remnants or “islands” separated from the 
“mainland,” to “caries” and so on. Bastin and others ® however stated that 
the importance of the structure of the host has not been sufficiently empha- 
sized. It is especially this sort of structures that the writer refers to in this 
paper. 

Real pseudomorphic textures or structures exhibit conclusive proofs of 
metasomatism. In that respect they are worthy of our fullest attention, for: 
When and where can we speak of real proofs in ore genesis? 


SOME EXAMPLES OF MOUNT ISA ORES. 


In Fig. 1 the chalcopyrite veinlets (a) traversing the finely stratified 
slate-pyrite beds (b) have non-matching walls of locally extreme raggedness ; 
they expand suddenly and irregularly or may die out. Consequently, the 
chalcopyrite is definitely younger than and replaces the slate-pyrite beds. 
C and e seem to be layers that have been replaced almost completely. These 
macroscopic observations are greatly and convincingly enhanced by micro- 
scopic study. 

It can be established that bed b (Fig. 1) is composed of slate spangled 
with stratified idiomorphic pyrite crystals. This explains also the relatively 
light color of this bed in the photograph. 

At low magnification (Fig. 2) the raggedness of the walls of the traversing 
chalcopyrite veinlets is well illustrated and the replacement of pyrite by 
chalcopyrite is apparent. 

At higher magnifications quadrates, triangles, rectangles, squares, trape- 
zoids, pentagons and hexagons are the most common sections of the small 
pyrite crystals (Fig. 3). The size of these pyrite crystals ranges from .002 
to .010 mm. Close examination, however, shows that on both sides of the 

‘EE. S. Bastin, et al.: Criteria of Age Relations of Minerals, Econ. Grot., 1931, XXVI, 
p. 561. 


5 Waldemar Lindgren: Econ Gerot., 1912, VII, p. 526. 
6 Bastin: loc. cit. 
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Fic. 1. a, Fine veinlets of chalcopyrite (white) cutting shale-pyrite beds b; 
b, alternating fine beds of pyrite and shale; c, bed of chalcopyrite, pyrite and 
shale remnants: d, mixture of fine grained pyrite and chalcopyrite; ec, same as ¢, 
but more carbonaceous. Natural size. Mount Isa. 

Fic. 2. Mount Isa ore. Veinlets of chalcopyrite (a in Fig. 1, at higher 
magnification). Aggregate of pyrite (white, high relief) to left of veinlet (left 
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chalcopyrite veinlets only small crystals are present. At a short distance 
from these veinlets chalcopyrite disappears, pyrite taking its place. The 
small chalcopyrite crystals adjacent to the veinlets are distributed in exactly 
the same way as the stratified pyrite and their dimensions and shapes also 
correspond precisely. The similarity of the crystal sections of both sul- 
phides is also most striking; the chalcopyrite crystals (Fig. 4) are identical 
with the pyrite crystals (Fig. 3). The distribution, dimensions and forms, 
the smallness and the relatively slight differences in color and reflective power 
of these bodies make it obvious that they are determined with difficulty from 
each other. All of these relations together prove the pseudomorphism of 
chalcopyrite after idiomorphic pyrite crystals. 

Furthermore, idiomorphic forms of sulphides of relatively low hardness 
are seldom if ever encountered in massive ore or in solid country rock free 
from vugs. This was why the writer sought another interpretation of this 
seemingly metacrystic chalcopyrite. Then, he realized that all the features 
discussed above could not be peculiar to chalcopyrite. It is not at all im- 
probable that some at least of the supposed metacrysts or crystals bordered 
by arbitrary straight boundaries referred to in the literature, are in reality 
pseudomorphs. 

Bastin and others * state that most sulphides rarely develop as metacrysts 
and they presented some criteria of replacement. It seems advisable to add 
to their list: sulphide grains of low hardness with rectlinear outlines or seem- 
ingly idiomorphic forms may result from pseudomorphic replacement. 

Often it is emphasized that the highest powers of the microscope do not 
reveal connecting veinlets or open channels between the separate metasomes 
or that the bordering gangue has not been impaired. Sometimes these ob- 
servations are used as evidence against metasomatism. ‘This seems to be 
entirely unjustified. This point also is well illustrated by the pseudomorphic 

7 Bastin: loc. cit. 


border) partly replaced by chalcopyrite. Most of fine crystals (white) in shale 
(black) are of chalcopyrite. > 200. 

Fic. 3. Idiomorphic pyrite crystals (white) in shale (black). As in Fig 1, }, 
but X 900. Mount Isa. 

Fic. 4. Same as Fig. 2 but at higher magnification. Chalcopyrite crystals 
are pseudomorphic after pyrite (Fig. 3). Extremely small pyrite remnants at 
corners of crystals are hardly visible. X 500. Mount Isa. 

Fic. 5. <A pyrite aggregate (as from Fig. 2) at high magnification. Pyrite 
(white, high relief) almost completely replaced by chalcopyrite (white, smooth 
surface). Kernels of pyrite crystals are replaced with rims (crystal faces) 
unattacked. Gray, sphalerite. Black shale. X 500. Mount Isa. 

Fic. 6. Same as Fig. 4 but xX 2,000. Small pyrite remnants (almost white) 
at crystal corners of pseudomorphic chalcopyrite (light gray) in shale (black). 
Mount Isa. 

Fic. 7. Remnants of pyrite crystals (white with relief) in chalcopyrite (faint 
gray). Initial stage of “atoll-forming.” 500. Mount Isa. 

Fic. 8. Galena crystals (white) pseudomorphic after pyrite (Fig. 3) in sphal- 
erite (gray). Black, shale. 500. Mount Isa. 

Fic. 9. Galena crystals (almost white) and tetrahedrite crystals (faint gray) 
pseudomorhpic after pyrite crystals in sphalerite (gray). Black, shale. Some 
pyrite remnants, white, high relief, near top of figure.  X 500. Mount Isa. 
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replacements under discussion. All pseudomorphic chalcopyrite crystals are 
disseminated through the slate without any visible connecting veinlet between 
the grains, and without discernible impairment of the bordering slate con- 
stituents. 

Galena may also be the guest during pseduomorphic processes. Definite 
proof, however, is more difficult to determine, since pyrite and galene belong 
to the same crystal system and may exhibit the same idiomorphic forms in 
polished section. But, the general rule of soft sulphides rarely showing 
idiomorphic forms in massive ore or solid slate probably holds good for galena 
also. Moreover, distribution, form and dimensions of the galena units cor- 
respond exactly with those of idiomorphic pyrite crystals as shown in Fig. 8. 

Isometric sections of galena and chalcopyrite are lacking in all those areas 
where the slate is free from small pyrite crystals, and where the sulphides 
occur as vein fillings. 

A curious observation may be noted. All of the small separate galena 
pseudomorphs in these aggregates are bordered by a very thin rim of 
graphite or bitumen of .002 to .0005 mm thickness. These envelopes occur 
associated with galena grains only if they have been formed by replacement of 
pyrite crystals enclosed in slate (Fig. 20). In ordinary and irregular sphale- 
rite-galena intergrowths and around galena grains enclosed by carbonate they 
are absent. The origin of these enveloping rims is puzzling. 

The dimensions of the pyrite crystals in slate are essentially about .007 
mm, but they increase to .010 mm where embedded in sphalerite or pyrrhotite. 
The pseudomorphic galena crystals included in either of these sulphides have 
exactly the same dimensions, i.e., .007 mm in slate and .010 mm in sphalerite 
or pyrrhotite. 

Examination of the pseudomorphic chalcopyrite grains. at highest mag- 
nifications of oil immersion lenses discloses the astonishing fact that exceed- 
ingly small remnants of pyrite in many cases have been preserved especially 
at the corners of two joining crystal faces (Fig. 6). This feature is all the 
more remarkable as it is generally emphasized that resorption, solution, or 
metasomatism initially starts at and around the corners of crystals, whereas in 
some of these and in other instances the corners of the small pyrite crystals 
apparently were more resistant to solution than the rest. 

It was observed that some faces of pyrite crystals were more resistant to 
attack than the core and this selective replacement resulted in the saving of 
the external idiomorphic form and the complete replacement of the kernel 
(Figs. 5, 7). This feature is a transitional stage to complete replacement, 
and may be seen by etching pyrite on polished surfaces, as well as in natural 
and synthetic replacement. 

Complete layers in the polished sections,. especially in disturbed areas, 
may be composed of the various pseudomorphs described above. The in- 
tensiveness of this micro-metasomatism is demonstrated by a rough calcula- 
tion of the number of these pseudomorphs as, for example, those shown in 
Fig. 8, which indicates about 400,000 up to 1,000,000 replaced pyrite crystals 
per cubic inch. 

All intermediate stages of the host-guest contacts are observable in transi- 
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tion zones. It would require too much space and too many photographs to 
illustrate fully these remarkable sections. Therefore, some of them have been 
combined in a single drawing (Plate 1). 

Sphalerite, pyrrhotite and tetrahedrite occur in exactly similar pseudo- 
morphs after small idiomorphic pyrite crystals as described for chalcopyrite 
and galena (Fig. 9). 

The conclusion of Lindgren that metasomatism proceeds by equal volume 
interchange likewise holds with these micro-pseudomorphic replacements. 


© e 





PLATE 1. Replacement stages from pyrite crystals and pyrite spheres from 
Mount Isa, Australia. Sphalerite, gray (mosaic); galena, white and stippled; 
chalcopyrite, white, with small rings; pyrrhotite, lined; pyrite remnants, white; 
matrix (very dark) shale. X 2,000. Mount Isa. 


In summary it may be stated that excellently formed crystals, especially 
of soft sulphides, which occur abundantly in rigid rock may all be pseudo- 
morphic, even if nothing in direct proximity points to metasomatic processes. 

It should also be pointed out as additional evidence that similar pseudo- 
morphs of different chemical composition persist in the oxidation zone. 

In these ores of Mount Isa minute pyrite spheres, instead of pyrite crystals, 
dominate in some of the slate layers (Fig. 12). The diameter of the circles in 
polished sections varies between .002 to .008 mm and rarely attains .020 mm 
or falls to .001 mm. ‘Transitions of pyrite spheres to pyrite crystals also 
exist since the number of crystal faces of the latter may become so great, 
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Fic. 10. Pyrrhotite prisms or laths replace a silicate mineral. Transitional 
stage to complete pseudomorphism, X 65. Mount Isa. i 

Fic. 11. Beds of small pyrite spheres almost completely replaced by chal- 
copyrite (almost white). Only rims of pyrite spheres (almost white, with relief) 
have resisted replacement. Formation of “atolls.” x 700. Mount Isa. 

Fic, 12. Beds of small pyrite spheres (white) embedded in shale (dark gray). 
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that the sections of such crystals approximate a sphere. In general, core and 
rim of the spheres are somewhat different in appearance. One or either 
may resemble the melnikovite variety. After etching, these spheres show a 
concentric shaly or zonal structure. The melnikovite-like variety is much 
more attackable than the rest. This may now be either core, or outer rim. 
Radial fibrous structures were never observed. 

As in the case of pseudomorphs after pyrite crystals, it was to be expected 
that the pyrite spheres would be equally subjected to metasomatism. Further 
microscopic investigation confirmed this supposition. Chalcopyrite and ga- 
lena, and to a less degree pyrrhotite and sphalerite, are all pseudomorphous 
alter these pyrite spheres and again the form, distribution and dimensions of 
the guest correspond exactly with those of the host. A transitional stage is 
shown in Fig. 13. Figure 14 shows an aggregate of galena spheres at 
higher magnifications with one pyrite sphere left and one small pyrite rem- 
nant which may be compared with Fig. 11 where chalcopyrite is the metasome 
and relics of pyrite spheres are clearly visible in the chalcopyrite. Transi- 
tional forms of partial to complete pseudomorphism are shown in Plate 1, 
also in Fig. 13, which exhibit relics of pyrite. 

The pseudomorphic galena spheres are also commonly surrounded by an 
extremely thin envelope of graphite or bitumen, faintly visible in Fig. 14. 
In some instances, even in massive sphalerite, chalcopyrite or galena, these 
rims of organic matter disclose the former existence of now replaced pyrite 
spheres. In cementation- and oxidation-zone, spheres of goethite lepido- 
crocite, chalcocite, covellite, anglesite or cerussite of the same size and distribu- 
tion and in similar delicately stratified layers, are witnesses of a complete series 
of successive pseudomorphisms of this sort. Some examples will be given 
later. 

In summarizing it may be stated the innumerable small sulphide spheres of 
uniform dimensions and of different composition, even if occurring in rigid 
rock, may all be pseudomorphous after pyrite spheres, without other evidence 
of replacement being visible. 

Pyrrhotite in the Mount Isa ores, in addition to being pseudomorphic after 








Identical beds of chalcopyrite spheres occur in this ore. A transitional stage is 
shown’in Fig. 11. x 500. Mount Isa. 

Fic. 13. Pseudomorphic replacement of small pyrite spheres (white remnants) 
by galena (pale gray) in shale (black). 800. Mount Isa. 

Fic. 14. Beds of small pyrite spheres (white; only one sphere in the upper 
part and one remnant, at left, at bottom) are almost completely replaced by 
galena (faint gray) in shale (black). The pseudomorphic galena spheres are 
surrounded by a thin rim of graphite (gray, hardly visible). Black, shale. xX 
S800. Mount Isa. 

Fic. 15. The last remnants (white, high relief) of a pyrite concretion. 
Pyrite replaced by galena (very faint gray). Black, shale. Resembles in some 
respects “‘simultancous gel deposition.” 400. Mount Isa. 

Fic. 16. Same as Fig. 15. White with relief, pyrite remnants; pale gray to 
almost white, galena; black, shale; gray, sphalerite. 400. Mount Isa. 

Fic. 17. Specks of galena (almost white) in shale (black) formed by re- 
placement of pyrite grains. Some pyrite remnants (white) are still visible. 
X 400. Mount Isa. 
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Fic. 18. Pyrite (white) and galena (pale gray) in sphalerite (black). 
Successive stages of pseudomorphic replacement of pyrite by galena, x 800. 
See also Fig. 19. Mount Isa. 

Fic. 19. Same as Fig. 18 at lower magnification, The small crystals at the 
upper left hand side of the photograph (rimmed in black) are the same as im 
Fig. 18 (but turned 90°). Right hand side of the photograph, galena grains 
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pyrite crystals, may occur in three other forms, i.e., as spheres pseudomorphic 
after pyrite, as comparatively long and thick columns that are clearly pseudo- 
morphic after an unknown gangue mineral (Fig. 10) and as small but 
strictly metacrystic laths, so well known in metamorphosed deposits. Where 
the laths are abundantly embedded in sphalerite, they are sometimes associ- 
ated with many galena inclusions of exactly similar forms, distribution and 
dimensions. Hence, these galena units must be pseudomorphous after pyr- 
rhotite, which moreover is confirmed by transitional stages, one of which is 
reproduced in Fig. 38. 

When one inspects closely the intermediate stages of partial pseudomorphs, 
especially Plate 1, Nos. 5, 7, 9, 14, 17, 27, 28 and 30, he is struck by the 
curious “atoll-shaped” forms. Knowledge of the etch patterns of original 
pyrite of this deposit (Fig. 24) and Fig. 11, makes these forms understandable 
as resulting from selective replacements. If the kernel is built up of the less 
resistant melnikovite-like variety, it will be readily dissolved; the less sus- 
ceptible crystal faces (Fig. 7), or the outer rim of the spheres, may be pre- 
served almost completely, the result being the “atolls.” Since the host may 
assume so many different shapes, and these grains have been cut in all 
possible directions, the many sidedness of these forms is self evident. Figures 
23, 35, 36, 37, and 39, and those of Plate 1 illustrate this. 

Those who still doubt the metasomatic interpretation of these small 
bodies should realize that all these curious forms, in the same distribution 
and dimensions, and mineral combinations, still survive oxidation. In the 





(partly with rectilinear outlines, partly with very ragged outlines) pseudomorphic 
after pyrite grains. Sphalerite is dark gray. X 400. Mount Isa. 

Fic. 20. Galena (pale gray) pseudomorph after pyrite (one remnant: white) 
in shale (black). Galena pseudomorphs surrounded by thin rims of graphite 
or bitumen. X 800. Mount Isa. 

Fic. 21. Pyrite (white) partly replaced by chalcopyrite and galena (both 
white). Replacement starting from crystal zones and from heterogeneous con- 
tacts. Black, carbonate.  X 200. Mount Isa. 

Fic. 22. Same as Fig, 21. Final stage. Chalcopyrite specks (white) with 
ragged outlines formed partly by pseudomorphic replacement of pyrite crystals, 
partly by replacement of the surrounding carbonate (black). Etching makes 
visible two crystal outlines of original pyrite crystals. > 400. Mount Isa. 

Fic. 23. “Atoll”-forms consisting of kernel of galena (faint gray) bordered 
by a thin rim of unreplaced pyrite (white) in matrix of shale (black) and sphaler- 
ite (dark gray). Galena has selectively replaced the kernels of pyrite grains. 
x 500. Mount Isa. 

Fic. 24. Pyrite (white) in sphalerite (gray); black, pits in the polished 
surface. Etched with HNO; The kernels or special crystal zones aré attacked 
more than the rest. X 400. Mount Isa. 

Fic. 25. Crystals or grains of pyrite almost completely replaced by anglesite 
(gray), with resistant rims (white) of original pyrite grains. Groundmass is 
mixture of shale and anglesite. Three unreplaced pyrite grains (white). Or- 
iginally the kernels of the pyrite grains were replaced by galena (Fig. 23) which 
was converted to anglesite in the lower part of oxidation zone. X 800. Mount 
Isa. . 

Fic. 26. Oxidation zone. Small spheres and crystals of goethite (gray) 
and lepidocrocite (faint gray) in matrix of jasper (black). The iron oxides are 
pseudomorphic after pyrite (see Fig. 12). 500. Mount Isa. 
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27. Small laths of pyrrhotite (almost white) included in  sphalerite 
gray). Pyrrhotite laths are arranged in two directions joming near left end oh 
In the pyrite remnant (a) is a sphalerite grain with straight outlines (pseudo- 


morphic after marcasite). 200. Rammelsberg, Germany. ; oe 

Fic. 28. Sphalerite (dark gray) has replaced oriented laths of marcasite orig!- 
nally intergrown with the pyrite (white). < 800. 
melsberg, Germany. 


See also o, Plate 4. Ram- 
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iron cap and in the transition zone they have been partly or completely re- 
placed by supergene minerals, as shown in Figs. 25 and 26, 

If the original pyrite crystals or spheres were crowded together, or if part 
of the gangue surrounding them were also replaced, the final result would be 
the formation of areas of massive sulphides. At the replacement front, 
transitional structures are sometimes discernible (Figs. 7, 11). As long as 
some remnants are present the metasomatic nature of the process is evident, 
hut where all residuals are lacking, no indication of the replacement process 
remains. After etching such areas it was observed that the original host 
structure of closely packed spheres was obliterated by recrystallization, and 
the area consists of a very fine structure of allotriomorphic, small, and strongly 
twinned chalcopyrite grains. In places, however, graphite seams or an 
arrangement of enclosed sericite laths may give some indication as to the 
original structure. 

It is more difficult to prove metasomatism if the host had irregular 
outlines or if the guest also had replaced a part of the enclosing gangue 
or country rock. Figure 18 shows some pyrite grains partly idiomorphic 
and others with more ragged boundaries. It is obvious that this pyrite 
has been partly replaced by galena, leaving some pyrite remnants. In 
Fig. 19, made at lower magnification, the right side shows galena grains in 
part with exceedingly ragged outlines, and in part with straight boundaries. 
In the upper left corner of this figure are some of the same grains of pyrite 
(rimmed in black) visible in Fig. 18, but turned 90°. From the combination 
and comparison of these two photographs it seems amply justified to con- 
sider the ragged galena specks on the right side of Fig. 19 as pseudomorphs 
after the partly idiomorphic grains of the host. 

Another step is shown in Fig. 17, where galena specks in slate are ap- 
parently irregular shaped and give the appearance of an “impregnation.” 





Fic. 29. Replacement of marcasite (white) by sphalerite (dark gray) espe- 
cially along two crystallographic directions and starting from a veinlet. x 800. 
Rammelsberg. 

Fic. 30. Sphalerite (dark gray) with specks of chalcopyrite (faint grayish 
white) pseudomorphic after different forms of marcasite originally enclosed in 
pyrite (white). The spherical intergrowth of pyrite with chalcopyrite (faint 
grayish white, near top) is believed to be a partial replacement of a pyrite sphere 
by chalcopyrite.  X 400. Rammelsberg. 

Fic. 31. Chalcopyrite (faint grayish white) has replaced marcasite from a 
pyrite-marcasite intergrowth (white, with high relief). Observe forms . near 
a,b,candd. 100. Rammelsberg. } 

Fic. 32. Sphalerite (gray) has partly replaced some zones of pyrite con 
cretions (white) built up of pyrite spheres surrounded by radial fibrous FeS,. 
The pyrite spheres resisted replacement. 200. Rammelsberg. 

Fic. 33. From right to left: pyrite grain (at the border, white, with relief) 
in sphalerite (dark gray); area of pyrite spheres and pyrite “dust” in sphalerite ; 
area of chalcopyrite spheres (white, smooth surface) and chalcopyrite specks in 
sphalerite; zone mainly of sphalerite; zone of chalcopyrite with some sphalerite. 
Chalecopyrite mainly pseudomorphic after pyrite spheres and pyrite “dust.” x 
200. 

Fic. 34. Idiomorphic crystals of marecasite, originally enclosed in pyrite 
(white), completely replaced by sphalerite (gray). X 500. Rammelsberg. 
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But here, also, pyrite remnants clearly prove its metasomatic or igin, as may 
be seen in two of the grains at higher magnification in Figs. 15 and 16. 

In summary it may be concluded that sulphide grains with ragge d or ex- 
ceedingly ragged outlines and also intergrowths of ° ‘atoll-form,” even if 
irregularly distributed in other minerals or in rigid country rock, may all be 
pseudomorphs, even if connecting veinlets between the disunited grains are 
not discernible. 

There is still another possibility that may give rise to the formation of em- 





Fic. 35. Galena (faint grayish white) has replaced the kernel of a pyrite 
crystal. Dark gray sphalerite. X 2,000. Mount Isa. 

Fic. 36. Same as Fig. 35. Kernel replaced by sphalerite (black) and galena 
(faint gray). X 2,000. Mount Isa. 

Fic. 37, Same as Figs. 35 and 36. Kernels replaced by sphalerite. Matrix, 
sphalerite (gray) with a lath of chlorite (black). X 1,000. Mount Isa. 

Fic. 38. Idiomorphic lath of pyrrhotite (faint gray), one-half replaced by 
ealena (whiter than pyrrhotite) in groundmass of carbonate (black). 600. 
Mount Isa. 

Fic. 39. Same as Figs. 35, 36 and 37. X 680. 


bedded sulphide specks with very ragged outlines but whose origin is only 
partly due to pseudomorphism (Figs. 21, 22). Metasomatism often starts at 
heterogeneous contacts. Moreover, some crystal zones are more susceptible 
than others. Figure 21 shows the beginning of replacement of carbonate by 
chalcopyrite initiating from the contact of the carbonate with pyrite cryste ils. 
But at the same time certain zones of the pyrite crystals are also concurrently 
replaced by chalcopyrite or galena. The final stage may be the complete 
metasomatism—or pseudomorphism—of the pyrite crystals and partial re- 
placement of the surrounding carbonate (Fig. 22); the net result being 
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chalcopyrite specks with very ragged outlines on all sides. After etching 
however, the semi-pseudomorphic character becomes distinct by: the differ- 
ential solution of galena, which formerly had selectively replaced certain zones 
of the original pyrite crystals (Fig. 22). This sort of replacement was ob- 
served exclusively adjacent to crosscutting chalcopyrite veinlets. 





ic. 40. Oxidized lead-zine ore before etching with KeSx. White, galena; 
gray, sphalerite; dark gray, anglesite; white grain with relief, pyrite. x 40. 
Mount Isa. 

Fic. 41. Same spot as Fig. 40 after etching with KeSx. Anglesite has 
superficially been converted into galena (now white and somewhat pitted). 
x 40. Mount Isa. 

Fic. 42. Bedded and oxidized lead ore. Half of the surface has been etched 
with K,S,. The oxidized lead minerals (gray) in lower half have been converted 
into galena (upper half, white). Dark gray, shale. X45. Mount Isa. 

Fic. 43. Almost completely oxidized lead ore, originally dark gray on the 
polished surface, converted into galena (white) by etching with KeSx. The oxidic 
compounds are pseudomorphic after original pyrite crystals or pyrite spheres. 
x 140. Mount Isa. 


Some comment should be added about supergene processes, which, how- 
ever, will be dealt with in more detail in a later article. In the oxidation and 
cementation zones most of the above described pseudomorphic forms may 
he found; primary galena converted into anglesite or cerussite; chalcopyrite 
changed into covellite, chalcocite or malachite; pyrite into goethite or: lepido- 
crocite. Consequently, sections in stratified layers of iron hydroxides were 
observed (Fig. 26) similar to the crystals and spheres of pyrite previously 
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described. These pseudomorphs, however, being supergene generally show 
a porous texture in contradiction with those formed through hypogene 
processes. Layers of small massive spheres as well as of atoll-shaped bodies, 
and of grains with ragged outlines, all closely similar to the original textures 
but composed of oxidized minerals, are common. 

In the transition zone galena may be converted to anglesite without 
sphalerite or pyrite being attacked at this stage, and “atolls’’ composed of a 
pyrite rim with anglesite kernels are formed (Fig. 25). In such intergrowths 
with partly oxidized ore minerals, the difference in reflective power of 
gangue minerals is relatively slight and the microscopic images are, therefore, 
often indistinct. In order to accentuate the contrasts a type of synthetic 
replacement may be used. After treatment for some time with potassium 
polysulphide solution the oxidic lead minerals can be reconverted into galena, 
which is attached so firmly to the anglesite. that it permits normal polishing. 
A few examples will be given of this procedure. 

Figure 40 shows in the center an intergrowth of sphalerite and galena sur- 
rounded by associated sphalerite and a dark gray mineral. Figure 41 
represents the same spot after treatment, and it can be demonstrated that 
the dark gray mineral was an oxidized lead compound. This sample or- 
iginated from the transition zone and proves the interesting fact that galena 
was more susceptible to attack by the supergene solutions at Mount Isa than 
was the sphalerite. Another good example—this time of stratified ore at a 
low magnification—is afforded by Fig. 42, which shows the margin of a drop 
of solution. 

Textures difficult to unravel, because of the association of several minerals 
with small differences in reflective power, are those which are completely 
oxidized. These textures are clearly distinguishable only after such a treat 
ment. It can thus be established that cerussite may be pseudomorphous 
after the various pyrite forms (lig. 43) and cerussite enclosed in a rim of 
limonite corresponding with the partly oxidized atolls of Tig. 23 may also 
be observed. 


PSEUDOMORPHISM IN RAMMELSBERG ORE, 


In several pyritic ore bodies, especially those formed in sedimentary beds, 
the FeS, occurs in two distinct forms, namely, pyrite and marcasite. Fur- 
thermore, the pyrite may be present in two varieties, i.c., the hard common 
pyrite, which acquires a splendid smooth surface if carefully polished, and 
in minor quantity the melnikovite pyrite, which has a more or less pitted 
surface, even after an excellent polish, and often looks as if covered with 
extremely fine dust in concentric shaly arrangement. Still another variety 
shows the structure of melnikovite but is harder and assumes a better polish, 

In Rammelsberg ore, marcasite and both varieties of pyrite are commonly 
intergrown in intricate and queer manner, exhibiting variable textures. 
Commonly marcasite is idiomorphic against pyrite, but the shape of the 
marcasite sections however may vary widely. As is well known melnikovite, 
and in less degree marcasite, are more soluble than common pyrite. From 
intergrowths of these three FeS, forms, strange and angular residuals of the 
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more resistant pyrite may result as remnants after solution or replacement 
of the marcasite and (or) melnikovite (see Plate 2, a, b, c, d, c, and Figs. 30, 
? 

34). 

Common pyrite occurs as normal crystals showing various forms in section, 
such as radial, fibrous, or concentric shaly grains, as spheres composed of very 
small and tightly packed idiomorphic ‘crystals, as spheres with concentric or 
radial fibrous structures or as grains or fragments with angular or rounded 
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PLate 2. Idiomorphic marcasite crystals from original pyrite-marcasite in- 
tergrowths replaced by sphalerite (gray) or chalcopyrite (stipple) e.g. in the 
curiously formed pyrite remnants (white) of Figs. a, b, c, d, e and g. In Figs. b 
and d irregular sphalerite spheres are pseudomorphic after FeS. spheres. In f 
and h the replacement is more irregular. The sphalerite pseudomorph of c con- 
tains some small pyrite remnants (white with irregular outlines) and some very 
small chalcopyrite inclusions (white, elongated, parallel to the sphalerite-pyrite 


edges). Rammelsberg, Germany.  X 500-1,000. 


irregular outlines. Consequently, from these numerous FeS, forms and the 
many divergent intergrowths a great variety of replacement structures may 
result. 

Of these forms, only the pseudomorphic replacements will be considered 
in this article. The majority of these ores are very finely intergrown and 
megascopic replacement phenomena cannot be observed. Only very fine 
microscopical details bear witness to the metasomatic changes that occurred. 
Again, real pseudomorphs are the safest evidence of metasomatism. How- 
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ever, in the Rammelsberg ores the intricate shapes and intergrowths of the 
FeS,, varieties complicate. indubitable proof since many varieties do not show 
a characteristic crystal form. 

To begin with, only the less resistant idiomorphic marcasite crystals are 
apt to be the first guides in the sequence of events. These crystals may he 
the host for other sulphides. To avoid the reproduction of too many figures, 
drawings from photographs of a few of the most characteristic forms are 
shown in Plate 2. Exactly the same structures are found in original FeS, 
intergrowths, the marcasite occupying the place of the sphlaerite metasomes in 
these drawings, as was proved by laboratory experiments of synthetic replace- 
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Piate 3. Synthetic replacement of pyrite-marcasite intergrowth by bornite 
or chalcocite (gray; groundmass). Pyrite remnants are white. Note similarity 
with Plate 3. x 500-1,000. 











ments. In special copper solutions, the marcasite of this sort of intergrowth 
could be synthetically replaced by bornite or chalcocite, the resulting struc- 
tures (Plate 3) being identical with the natural ones (Plate 2). Hence, 
sphalerite is certainly pseudomorphous after marcasite. Figures 30, 34, and 
27 (near a) are three other examples of this pseudomorphism, whereas Figs. 
28 and 29 demonstrate the metasomatism of marcasite by sphalerite from an 
oriented intergrowth (see also Plate 2). 

Galena or chalcopyrite may also be the guests, giving rise to the formation 
of identical structures (Plate 2, g, and Fig. 31 at a, b, c and d). In Plate 


2, g, there are indications of pseudomorphism in two stages, i.c., chalcopyrite 
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replacing previously formed pseudomorphic sphalerite. The bizarre pyrite 
forms of Plate 2 thus have to be explained at least partially as remnants of 
original intergrowths of pyrite and marcasite. 

In the examples just quoted, it is evident that marcasite is the host. 
But, since pyrite is also liable to attack, it is not always easy to decipher if 
marcasite or pyrite has been replaced, notably not in those cases where the 
intergrowths are very irregular or where pyrite shows rounded or fragmental 
outlines. From the examples given of Mount Isa ores, one is justified in 
considering the examples illustrated in Plate 4, g and 7, as partial and complete 
pseudomorphism after pyrite with subordinate replacement of some gangue 
along the contacts. 

Pyrite and marcasite spheres, or spherical-shaped grains, in the Ram- 
melsberg ores may play almost the same part as host, though less commonly, 
as in the Mount Isa ores. It is, therefore, unnecessary to discuss them 
again in detail. Plate 4, h, and Figs. 30 and 33 give a few examples of sphal- 
erite, chalcopyrite, and galena as complete or partial pseudomorphs after 
FeS, spheres, and Plate 4, k and 7, constitute two transitional stages of less 
perfectly formed spherical bodies. 

It may be added that in the Rammelsberg ores, spheres of massive pyrite 
are in places surrounded by a concentric zone of radial fibrous pyrite or 
marcasite. In such cases the final replacement structure may differ some- 
what from those previously described. The fibrous zone appears to have 
heen much more susceptible to the solutions than the massive spherical kernel 
(Plate 4, 7). An illustrative transitional stage is shown by Fig. 32. 

Atoll shapes are less common and less clear in the Rammelsberg ore than 
in the Mount Isa ores. Figure 50 shows one of these indistinct atolls and also 
a transitional stage of a marcasite column partly replaced by  sphalerite. 
After all, the scarceness of atolls in Rammelsberg ore is not astonishing since 
original concentric shaly or zonally-built pyrite spheres are almost lacking. 

It is self evident that grains of FeS,, bounded by ragged outlines or 
fragments of crystals, may also be replaced pseudomorphically. Of course, 
complete pseudomorphism of such grains cannot be utilized as conclusive 
structural evidence of replacement, since characteristic original idiomorphic 
or other typical outlines of the host are then absent. Only comparisons of 
the general distribution, forms, and dimensions of original host grains with 
those grains supposed to be pseudomorphically replaced together with transi- 
tional structures, can be utilized as criteria. Plate 4, a, b, c, d, e and f, of 
transitional replacement stages are considered as convincing for the final 
pseudomorphs even of some grains with irregular outlines. 

Still another type of structure should be discussed. Bastin and others have 
described microscopic inclusions of one mineral in another and although 
these microlites are frequently considered as exsolution structures, they state : 
“As yet no satisfactory criteria have been formulated for differentiating be- 
tween the several possible origins of these mottled textures. Their origin 
must be judged not from the mottled textures only but from associated tex- 
tures.”” In my opinion this statement is very correct. This sort of structure 
has often been used as a proof of unmixing or exsolution on very loose grounds 
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and the exact diagnosis of their mode of origin in many instances is likely 
to be very difficult. Also; in many cases it is doubtful whether one can with 
justification draw conclusions as to temperature of formation, as is so often 
done in consequence of the observation of inclusions supposed to be due to 
unmixing. 





Prats 4. Gray, sphalerite (mosaic), white, FeS, remnants; dark gray matrix, 
schist; white and pointed, chalcopyrite; vertically lined, pyrrhotite; white with 
small curved lines, marcasite c.g. n, 0; black points in Figs. c, d, f, k, m are 
chalcopyrite. Many replacement stages of FeS. by sphalerite. Especially mar- 
casite crystals, FeS, spheres and parts of oriented or irregular intergrowths are 
replaced. In Figs. c, d, f and m the chalcopyrite inclusions in sphalerite indicate 
original FeS, structure. In Figs. 7 and m marcasite crystals have been pseudo- 
morphically replaced. In Fig. i FeS.: spheres have been completely replaced. 
In Fig. j, some zones surrounding FeS, spheres have been selectively converted 
into sphalerite. Fig. 1, different forms of intergrowths of pyrrhotite laths with 
other sulphides. Figs. k and /, FeS. spheres for the greater part replaced. Fig. 
i, chalcopyrite mainly pseduomorphous after original py-crystals. Fig. 0, ori- 
ented intergrowth of pyrite (white) and marcasite (with small curved lines). 
Rammelsberg, Germany. X 250 for Figs. f and 7, and about 1,000 for other figs. 


Two possible explanations as to their mode of origin may be mentioned, 
which, as far as the writer is aware, have not been described in the literature. 
I. Sphalerite, chalcopyrite and stannite—three minerals which often show 
this mottled texture—possess almost exactly the same crystal lattice, and it is 
conceivable that one of these minerals deposited in traces and simultaneously 


with the other, being in excess, continues to crystallize on the lattice of the 
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main sulphide. Assume, for example, a hydrothermal solution depositing iron- 
bearing sphalerite containing copper ions in minor quantities. From time 
to time, the concentration of Cu, Fe, and S being favorable, some chalcopyrite 
might be deposited, building on the latice of the sphalerite. A mottled texture 
could result with chalcopyrite blebs, whether or not clearly arranged along 
crystallographic planes of the zinc sulphide. In this case, which seems to be 
fairly common, the chalcopyrite inclusions, it is true, are deposited concurrently 
with the sphalerite, but they do not indicate an exsolution texture. Con- 
sequently, they are proof of simultaneity but are not convincing of a higher 
initial temperature of formation. 

Il. During pseudomorphic replacement—or in general metasomatism— 
the original structure may be anchored by the contemporaneously developing 
inclusions. 

This second possibility will be discussed in some detail since it touches 
the problem under consideration. In my opinion, inclusions of one or more 
minerals in another of the mottled type developing through replacement may 
have three modes of origin. 

a) Solutions may penetrate previously deposited minerals along cleavages 
or other crystallographic planes and may give rise to metasomatic formation 
of small specks, which in their initial state may simulate exsolution textures. 

b) Remnants of the host reduced to microscopic size can simulate the 
mottled type. Generally, however, such residuals are too variable in size, 
too irregular in shape, and too unevenly distributed to be mistaken for ex- 
solution textures. 

c) Newly formed inclusions simultaneously deposited with the guest. ‘These 
may be formed in two different ways, viz. : 

1. A certain component of the original mineral may be expelled and ar- 
ranged along crystallographic planes or along grain boundaries by the removal 
of the host and occupancy by the guest. 

2. The replacing solutions may carry small quantities of ions other than 
those necessary for the main replacement and these are precipitated simul- 
taneously with the metasome. In this case the inclusions may become ar- 
ranged along crystallographic planes of the guest or along certain special 
zones of the host indicated by porosity or by slightly variable composition. 

These two possibilities may be elucidated by examples. 

In the first instance consider very small sphalerite inclusions in chalcopyrite 
as guest arranged along crystallographic planes of a zinc-bearing tetrahedrite 
as host. During the replacement of the tetrahedrite by the chalcopyrite the 
zinc content of the host may be expelled and may be left as preliminary 
indigestible remnants. This case seems to be very rare and thus far has been 
observed only once. 

The second instance, though probably not recognized as such, may be 
comparatively common and, therefore, of genetic importance. A few ex- 
amples from Rammelsberg ore may illustrate this mode of formation. 

Inclusions of chalcopyrite and (or) pyrrhotite in sphalerite are commonly 
arranged along structure planes of original FeS, forms; hence they are not 
necessarily due to unmixing of solid solutions. Chalcopyrite and pyrrhotite in- 
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Fic. 44. Sphalerite (gray) has replaced a FeS, grain. In ae pag a 
sphalerite body are fine inclusions of chalcopyrite (white ) surroundec a 2 gone 
of small pyrrhotite blebs. Further outward, pyrite remnants (larger w aite pa 
ments) are zonally arranged more or less indicating the meets ae Oo Bes 
original pyrite grain. Black, pits in surface. X 200. Rammelsberg, German) 


Fic. 45. Fragment of FeS: crystal (pyrite?) almost completely replaced by 
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clusions of the mottled type, as shown in Figs. 44, 45, 46 and 48, are not 
remnants but are, on the contrary, inclusions newly formed during the 
metasomatism of FeS, by sphalerite. The approximate outlines of the original 
FeS, grains are obvious, not only as to the sphalerite boundaries, but also as 
to the distribution of the remnants of pyrite along these outlines. 

Frebold ® stated that in these ores the regularly arranged inclusions are 
oriented along the crystallographic planes of sphalerite or along cubical 
planes of pyrite, and that the inclusions are unmixing phenomena and 
point to a higher temperature at the beginning of deposition. Ramdohr,° 
on the contrary, considers that the inclusions are old simultaneous gel forma- 
tions and is convinced of a syngenetic marine origin of the ores. Hence, there 
is diversity of opinion as ‘to the origin of such inclusions. Frebold and 
Ramdohr both have described these structures at length but omitted to 
emphasize the many FeS, inclusions (remnants) present. It is the writer’s 
opinion, that these very FeS, relicts may supply the solution to this problem. 
In my opinion, replacement structures as yet unkown are involved, viz., meta- 
somatism of FeS, simultaneously by sphalerite and a little chalcopyrite, two 
minerals which are closely related chemically and mineralogically in so far as 
form and dimensions of the crystal lattices are concerned. My observations 
show that the arrangement of these oriented inclusions are mostly controlled 
by the original pyrite or marcasite structures, and perhaps in some instances by 


8 Abhandl. z. orett Geol. u. Bergw. 1927, Bnd. 
9 Neues Jahrb. f. Min. 1928, B LVI 


sphe Hierite (dark gray) with many inclusions of chalcopyrite (fine white blebs) in 
groundmass consisting of intergrowth of sphalerite and chalcopyrite. Py 


are 
pyrite remnants. 


Chaleopyrite inclusions in sphalerite and pyrite remnants are 
zonally arranged and are parallel with outline of original FeS. crystal. x 500. 
Rammelsberg, Germany. 

Fic. 46. Two FeS, concretions replaced by sphalerite (dark gray) with fine 
chalcopyrite-pyrrhotite inclusions (white) in groundmass of chalcopyrite, galena 
and pyrrhotite (all three white) with some gangue (black). Some fine pyrite 
remnants (small white inclusions’ with relief along borders of sphalerite bodies). 
x 100. Rammelsberg, Germany. 

Fic. 47. Spheres of pyrite (white) composed of tightly packed small pyrite 
crystals and loose pyrite crystals in matrix of sphalerite (gray). 500. Meg- 
gen, Germany. 

Fic. 48. Same as Figs. 44, 45 and 46. Blebs and laths of pyrrhotite (white) 
inclusions in sphalerite (dark gray) which is pseudomorphic after an 


original 
FeS, 


concretion in groundmass of galena and chalcopyrite (both white) with 
some sphalerite. Some fine pyrite remnants at the outline of the sphalerite body 
(near left border). X 200. Rammelsberg, Germany. 

Fic. 49. Bornite (gray) and chalcocite (almost white) both pseudomorphic 
after: pyrite crystals. Black, shale. Copper shale. Mansfield, Germany. X 400. 

Fic. 50. Special zones from marcasite crystal (white) replaced by sphalerite 
(gray). Black, shale. Outlines and kernels are replaced with difficulty. Ram- 
melsberg, Germany. X 500. 

Fic. 51. Bornite (gray) has replaced certain zones from a radiated pyrite 
concretion (white). Two small FeS. spheres originally enclosed in the pyrite 
concretion have been replaced. Copper shale. Germany. X 800. 

Fic. 52. Group of chalcocite spheres pseudomorphic FeS, spheres. Copper 
shale. Germany.  X 800. 
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the internal structure of the newly formed sphalerite. They commonly show 
a marked dependence on pre-existent pyrite or arcasite outlines, and are absent 
in sphalerite imbedded in carbonate or other gangue. The sphalerite grains 
rich in inclusions frequently show the same distribution, dimensions and 
forms as the FeS, grains in the vicinity. Moreover, the conformity in ar- 
rangement of these inclusions, which may be variable, with the structure of 
the adjacent FeS, grains, which shows a corresponding variability, and with 
the remnants of FeS,, is striking. The outlines of the FeS, remnants are, 
however, almost always much more jagged than those of the inclusions. 

As gel structures in the original FeS, in this ore are not uncommon, these 
structures may be inherited by the guest also, and the supposed simultaneous 
gel formations (according to Ramdohr) are conceivable as pseudomorphic 
replacements just described. After etching, it can be shown that the in- 
clusions are oriented along the cubic planes of pyrite, along the base of 
marcasite, along concentric shaly or zonal planes of FeS, parallel to the 
irregular outlines of FeS, grains or, less commonly, along crystallographic 
planes of sphalerite. The dependence of the orientation upon FeS, structures 
proves the metasomatic character of the process. Orientation along crystal- 
lographic planes of sphalerite is conceivable if the crystallization force of the 
zine sulphide under the existing conditions is sufficient. 

Previously, it was stated that hundreds of thousands of pseudomorphs of 
galena or chalcopyrite per cubic inch of sphalerite occur in the Mount Isa 
ores. Consequently, the possibility of replacement of very small FeS, rem- 
nants in metasomatic sphalerite by younger chalcopyrite must be taken into 
account, 

Attention is again directed to Figs. 44, 45, 46 and 48. Careful inspection 
of the FeS, remnants present and of the original FeS, outlines, indicate that 
the sphalerites of these figures, together, with their inclusions of the mottled 
type, are of pseudomorphic origin. 

One example, imitating the so-called simultaneous gel structures of 
Ramdohr, is given in Fig. 68. I admit the probability of the existence of an 
original gel structure of FeS, but claim the’ sphalerite chalcopyrite relations 
of this figure to be due to pseudomorphic replacement. In this connection 
it must be emphasized that in equal associations FeS, is always intergrown 
with one of the other sulphides, whereas combinations of two or more sul- 
phides mutually free from FeS, and showing similar structures were never 
observed. If in a small microscopic area about one-half of the range of vision 
is occupied by sphalerite with enclosed FeS, grains, and the other half by 
sphalerite with chalcopyrite or galena, the striking fact may be observed that 
the quantities, forms and dimensions of the chalcopyrite or galena grains are 
exactly the same in the part free from FeS, grains as in the part occupied by 
them (partly visible in Fig. 33). These observations lend support against 
a simultaneous gel deposition of all sulphides together. 

A fine example of almost complete pseudomorphic replacement, having 
a close resemblance to “simultaneous-gel deposition” (from a cassiterite-silver 


vein of Bolivia), may be added (Fig. 109). Parallelism of chalcopyrite with 
the outlines of original idiomorphic marcasite forms has already been indicated 
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in Plate 2, c. Finally, attention should be drawn to inclusions arranged 
parallel to the stratification. I mean the banded structures frequently en- 
countered in dynamo-metamorphosed deposits in which the more or less 
perfect alignment of the minerals coincides with the schistosity. The softer 
minerals are easily deformed and plastically pressed out. Recrystallization 
may also take place and evidence of elongation of the minerals parallel to the 
schistosity is a very common feature. This generally, with good reason, 
is attributed to solution of material in the direction of pressure and redeposi- 
tion perpendicular to it. 

However, preferential replacements may have played a part in the develop- 
ment of the final structure. In view of the several modes of origin of inclu- 
sions as argued above it seems that many problems have yet to be solved. 
One possibility will be examined somewhat more closely. 

In Mount Isa and Rammelsberg ore the following observations as to the 
fine sulphide inclusions are worthy of attention: 

1. Sometimes two sets of parallel inclusions oriented at an angle to each 
other may intersect along a diagonal plane (Fig. 27), but neither of the 
directions are parallel to the general schistosity. Ramdohr suggested a rota- 
tion of such grains. I believe this to be highly improbable and I think this 
structure is due to replacement; part of the evidence hinges upon the bottom 
outline of the pyrite remnant a in Fig. 27. This shows a sphalerite grain 
pseudomorphous after marcasite, and the outline and pseudomorph are both 
parallel to the general alignment of the inclusions in that area. 

2. Now and then a few inclusions can be recognized as being pseudo- 
morphic after pyrite grains (Plate 4, 7) or indicating clearly a transitional 
stage (Plate 4, g). 

3. They show generally the same distribution in sphalerite as the pyrite 
“dust” in the vicinity. 

4. The order of dimensions of the inclusions is comparable with that of 
the adjacent pyrite grains. 

5. Seemingly impaired pyrite remnants, always smaller than the pyrite 
grains in the vicinity, are commonly still present within the inclusions. 

6. The outlines of the inclusions generally show a clear resemblance to 
the boundaries of the pyrite grains. 

7. In sphalerite free from inclusions of other sulphides, pyrite “dust” is 
also generally lacking. 

8. In somewhat larger pyrite inclusions replacement phenomena, initiating 
from kataklastic structures, are generally clearly distinguishable. 

9. In Mount Isa millions of pseudomorphic inclusions per cubic inch occur 
in sphalerite, as mentioned previously. 

Taking all features into account it seems likely that banded structures, 
completely or partly, may be due to metasomatic or pseudomorphic phenomena, 
especially in metamorphosed deposits, where FeS, grains have been previously 
crushed to FeS, “dust” and pressed out into streaky masses, or where very 
fine and stratified FeS, grains were originally present before the hydro- 
thermal solutions began their metasomatic work (see Plate 4). Many as 
yet unsolved problems however remain to be studied. 
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EXAMPLES FROM THE PYRITE BODY OF MEGGEN. 


Pyrite, partly resembling melnikovite, and in minor quantity marcasite are 
the principal sulphides in the Meggen ore. Sphalerite, chalcopyrite and 
galena are only of local importance. 

The FeS, occurs as: 

1) Cubic crystals of pyrite, generally small. 

2) Irregular grains or fragments (mainly pyrite). 

3) Pyrite paramorphic after marcasite. 

4) Spheres consisting of insignificant but tightly packed idiomorphic 
pyrite crystals (Fig. 47, right side). The size of these spheres ranges from 
.01 to .03 mm and of the separate crystals from .002 to .003 mm. 

5) Same as 4, the crystals however: being disconnected and not united 
to spheres (Fig. 47, left side). 

6) More or less spherical and concentric shaly or radial fibrous con- 
cretions of pyrite or marcasite (dimensions mostly .04 to .05). 

In this ore paramorphism of pyrite after marcasite seems to be fairly 
common. Many pyrite grains show crystal forms of marcasite, whereas 
concentric shaly masses, now consisting of pyrite, exhibit the external out- 
lines so characteristic of marcasite, such as are so well known from such 
deposits as Joplin, Missouri, Moresnet, Belgium, and Beuthen, Upper Silesia 
(Fig. 55). Several pyrite grains show square columnar, spearlike or more 
intricate sections, which are paramorphisms after marcasite. With crossed 
nicols in polarized light intergrowths of both minerals are immediately 
recognized. 

The groundmass, interstitial between the small crystals building up the 
spheres (Item 4 above), consists generally of melnikovite-like and much more 
soluble FeS,, or of sphalerite, and rarely of chalcopyrite or galena. 

Sphalerite is commonly pseudomorphic after marcasite (Fig. 53; Plate 
5, b, c, d), as in the Rammelsberg ore. Very fine pyrite remnants are in 
places preserved at the corners of the crystals (Fig. 53; Plate 5, a, b, c) ina 
manner similar to that described for the chalcopyrite pseudomorphs of Mount 
Isa. 

Atolls of FeS, with sphalerite, though more complex than those of Mount 
Isa ores, are not uncommon in Meggen ores (Plate 5, ¢, f, g). It is not 
surprising that the fine spherical atolls are absent from the Meggen ores since 
colloform textures in the original FeS, spheres are lacking. Instead, aggre- 
gates of small FeS, grains surrounded by a less attackable rim are more 
common and these aggregates give rise to the formation of complex atolls 
of f and g in Plate 5, after replacement of the nucleus. 

Pseudomorphs of spheres described under group 4 were not observed. 
The reason may be the scarceness of younger sulphides, the relatively small 
collection of samples (about 50)—the predominant part consisting exclusively 
of FeS,—or the inertness to the solution of these small idiomorphic pyrite 
crystals gathered in spheres. Transitional metasomatic structures of other 
types of spheres, however, are fairly common (Plate 5, k, 1, m, n, 0, p, q). 

In a few instances pseudomorphs of galena in FeS, or sphalerite were 
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observed. It is however not quite certain, though probable, that marcasite 
was the guest (Plate 5, h, i, 7). 


EXAMPLES FROM MANSFELD, GERMANY. 


In famed Kupferschiefer of Mansfeld finely disseminated pyrite, bornite, 
sphalerite and less common chalcopyrite, galéna, native silver, covellite and 
some rarer sulphides are the main ore minerals. Except for a special thin 
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Dark gray, enclosing rock; gray (mosaic), sphalerite ; white, pyrite ; 
stippled, galena; white with small curved lines (Fig. a), marcasite. In Figs. }, 
c and d the sphalerite is partly or mainly pseudomorphic after marcasite crystals. | 
In Fig. c some pyrite residuals are left at the crystal points (compare with Fig. 


Prats 5. 


6 from Mount Isa). In i and probably h the galena is pseudomorphic after 
marcasite. Figs. e, f, g are atoll forms similar to those described from Mount 
Isa. See also Pl. 4 (near right bottom). Figs. k, 1, m,n, 0, p, g different stages 
of replacement of pyrite spheres. Meggen, Germany. X 600. 


layer rich in sulphides and some peculiar small ore lenses, the sulphides are 
mostly scattered in such extraordinarily fine particles that microscopic ex- 
amination is possible only if the specimens are perfectly polished and are 
studied at the highest powers of the microscope. The preparation of photo- 
graphs at such magnifications with oil immersion is comparatively difficult. 
Furthermore, generally only a few specks of sulphides are found in each range 
of vision of the microscope. Since interest is centered ‘on pseudomorphs 
mostly smaller than .008 mm the still more insignificant internal structures 
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often become hazy, especially since a perfect polish on the shale itself is not 
easily attained. 

To begin with, clear pseudomorphs of bornite, chalcocite and more rarely 
chalcopyrite and galena after strictly idiomorphic pyrite crystals, with all 





Fic. 53. Sphalerite (gray) and pyrite (white) in gangue (black). Pyrite 
originally commonly occurs as irregular fragments in similar manner to the 
sphalerite fragments in this photograph. a and b however, two sphalerite grains 
with crystal faces and small pyrite remnants, are pseudomorphic after marcasite 
crystals (eventually: after pyrite paramorph after marcasite). The irregular 
sphalerite fragments are also supposed to be pseudomorphic after FeS. fragments. 
Meggen, Germany. X 400. 

Fic. 54. Lenses of carbonate (dark gray, smooth surface) rimmed by bornite 
(faint gray) and chalcopyrite (almost white). Dark gray and somewhat pitted, 
shale. Copper-iron sulphides seem to replace the carbonate lenses. Copper shale. 
Germany. X 200. 

Fic. 55. Concentric shaly pyrite (white to faint gray; faintly etched). The 
terminations of the pyrite crystals are conformable to marcasite crystals well 
known from Upper Silesia, Aken, Joplin, etc. This pyrite is paramorphic after 
mareasite. Meggen, Germany. X 200. 

Fic. 56. Replacement of a pyrite crystal (white) and part of the surrounding 
carbonate (black) by chalcocite. ‘Transitional stage. The final stage would be a 
chalcocite speck with ragged outlines although the replacement is ‘mainly due to 
pseudomorphism. ‘Dachklotz.” Copper shale. Germany. %X 190. 


ransitional stages, were detected (Figs. 49, 81, and Plate 6, 0). This first 
statement leads to the assumption that other FeS, forms may also have been 
replaced, which seems to be the case. Marcasite crystals are occasionally ob- 
served and paramorphs of pyrite after marcasite are common. If these 
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crystals or crystal aggregates are pseudomorphically replaced the final result 
will resemble the replacement phenomena of Meggen and Rammelsberg ores. 
Examples are given in Figs. 73 and 83, and in Plate 6, a, d, q, r, s and t. 

If the gangue surrounding the original pyrite crystals is also partly 
replaced sulphide specks of the guest with ragged outlines will result, as has 
already been described for the Mount Isa ores. As complete pseudomorphs 
of this sort are recognized with difficulty as such, only two transitional stages 
are offered here (Figs. 79, 56). 





PLATE 6. Dark gray, shale or gangue; dark gray (mosaic), carbonate (e.g. 
Figs. h, i, 7, k, l, p); gray (a mosaic, lighter than carbonate), sphalerite (e.g. 
Figs. r, u, v, w, «); white, pyrite; stippled, bornite; obliquely lined, marcasite 
(e.g. Figs. a, t); obliquely stippled, galena (e.g. Figs. d, g, h, q, r, u, v, y, 2); 
white with small rings, chalcopyrite (e.g. Figs. j, k, 1); various replacement 
structures of FeS. or carbonate by sphalerite chalcopyrite, bornite, chalcocite or 
galena. Copper shale. Germany. X 1,000 to 2,000. 


In the copper shale, small pyrite spheres may be the host in a manner 
already described in the Mount Isa ores. Figs. 52 and 51 are two familiar 
examples. 

One of the most interesting and common forms of pyrite particles in 
these ores are minute FeS, spheres composed of tightly packed pyrite 
crystals. These grains mostly vary from .004 to .010 mm and more rarely 
increase to .015 mm diameter, whereas the separate crystals of the spheres 
measure about .0005 mm. Similar spheres are abundant in Meggen ores, 
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fairly common in Rio Tinto specimens and more rare in those from Rammels- 
berg; in Mount Isa ores they are absent. Photographs of Meggen. spheres 
have already been referred to. In the copper shale of Mansfeld the number 
of these globular pyrite bodies amounts to about 10,000 per cubic millimeter ; 





Fic. 57. Quartz or feldspar grain from the arkose sandstone completely re- 
placed by sphalerite (gray), chalcocite (almost white) and some bornite (faint 
gray specks in chalcocite). Matrix black ‘is arkose cement. “Weiszliegende” 
from copper shale. Germany. X 85. 

Fic. 58. Same as Fig. 57. Partial replacement of a feldspar grain by galena 
(white). Same deposit as Fig. 57. X 85. 

Fic. 59. Same as Figs. 57 and 58. Several grains (dark gray) of the arkose 
sandstone. One grain completely replaced by chalcocite (almost white) with 
some small bornite specks (pale grayish white). Another grain partly replaced 
by chalcocite. Some small sulphide specks in the cement. Same deposit as Fig. 
5/7. X50. 

Fic. 60. Same as Figs. 57, 58 and 59. White, galena; faint gray, bornite; 
dark gray, grains of arkose sandstone. Same locality. x 90. 


hence, they are much more widely scattered than in Meggen and of smaller 
dimensions. 

These spheres of course are also subject to replacement, and because 
copper solutions were present the relative number of replaced spheres is 
high. These will now be discussed in detail. As an axiomatic principle it 
may be said that the original internal structure of the host governs the final 
result. Due to their peculiar structure there is an absence of the familiar 
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evidence of replacement at the host-guest contact of these extremely small 
units, which in turn are composed of still smaller separate crystals. The 
final-results which should be anticipated would be small spheres composed of 
tightly packed grains pseudomorphous after the extremely small host crystals. 
This now is completely affirmed by observation. Spheres of the same distribu- 
tion and dimensions composed of fine crystals of chalcocite, bornite, chalcopy- 
rite and less commonly of galena or sphalerite occur as pseudomorphs after 
the original pyrite crystals (Fig. 65, 66). This holds good for disturbed as 
well as for undisturbed areas of the copper shale. Where veinlets of chalcopy- 
rite cut across the shale, most of the spheres in the vicinity have chalcopyrite 
as the guest; where bornite prevails the spheres are mainly composed of 
bornite, and so forth. It is not uncommon to find insignificant pyrite rem- 
nants in some of these crystals (Fig. 65). 

If the groundmass between the small crystals and of the adjacent parts of 
the spheres was occupied by readily attackable FeS, or carbonate, practically 
the entire mass may have been replaced (Fig. 52). 

The small pyrite crystals of the spheres may be less susceptible to attack 
hy the solutions than the FeS, groundmass. Then, the spheres may remain 
unchanged in the initial stages (Fig. 82). 

Another possibility is afforded if the small pyrite crystals have been only 
partly replaced. They then appear rather loosely packed and show impaired 
outlines (Figs. 80, 70). In the somewhat more advanced stage of Fig. 70 
the pseudomorphic character, which will ultimately result, becomes more dis- 
tinct (Fig. 51). 

A queer form of atoll, of the type described in detail for the Mount Isa 
ores, may be added. The outer rim of small crystals may resist replacement 
longer than the nucleus. Then, forms shown by Fig. 62 (near bottom) and 
by Plate 6 will be the result. The outermost rims of the atolls are not con- 
nected but are composed of disunited crystals. In places a few impaired 
crystals have been left as remnants in the center. 

In the copper shale a most remarkable conformity also exists between the 
great variety of shapes, dimensions and mode of distribution of carbonate and 
sulphide bodies. From this, it follows that pseudomorphisms of carbonate 
by sulphide may be presumed. 

Carbonates occur as sharply bounded lenses wedging out rapidly in the 
direction of the stratification. For the most part they are less than 1 mm 
in length and about .1 mm or less in width. The outlines are mostly smooth 
and rounded but may be more or less ragged. They are composed completely 
of calcite or yield intergrowths of calcite with dolomite or siderite, which 
assume rhombohedral forms against the calcite. The carbonate lenses are 
generally surrounded by a very thin bituminous rim. 

The sulphide bodies under consideration display all of the peculiarities 
just mentioned, as may be seen from Plate 6, h, i, 7, k, l, w, x, y, ¢ and Figs. 63, 
75 and 54. ‘Transitional stages were purposely selected for most of these 
figures since they are more convincing than lenses that have been totally 
replaced. In nity opinion, the explanation for these structures is partial or 
complete pseudomorphism of different copper-bearing sulphides after the 
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Fic. 61. Graphic intergrowths of pyrrhotite (white) ‘and ilmenite (gray), 
magnetite (gray, somewhat lighter gray than ilmenite) and ilmenite and gangue 
(almost black). Hence three comparable intergrowths of eutectoid pattern in 
about .3 mm’. Evje, Norway. X 900. 

Fic. 62. Three different types of FeS. forms largely replaced by bornite 
(gray). Black is shale. Near the bottom of the Fig. the kernel of an original 
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carbonate lenses. “In this connection:it may also be emphasized that in certain 
seams carbonate fibers make a fixed angle with the stratification. Inter- 
growths of sphalerite, galena, bornite and chalcopyrite or chalcocite show ex- 
actly identical fibrous structures in such seams, the separate fibers making 
the same definite angle with the stratification (Fig. 72). 

In other beds of the copper shale these carbonate and sulphide lenses may 
be absent; in their place accumulations of smaller carbonate grains approach- 
ing more or less globular forms can be observed. In these beds the sulphides 
again assume identical shapes, have the same dimensions, and are accumulated 
in a similar manner to the carbonate grains (Fig. 64). 

In the uppermost part of the so-called “Weiszliegende,” the layer directly 
beneath the copper shale, another kind of pseudomorph is found. The grains 
of this arkose sandstone are all more or less rounded and grade from about 
lL to .5 mm. They may contain in addition quartz, feldspar or rare rutile, 
some sphalerite, galena, bornite, chalcocite, tennantite or intergrowths of these 
minerals (Figs. 57 to 60). Pyrite is absent. If the gangue grains are 
bordered by a rim of sulphides, the outlines of the sulphides assume the same 
rounded forms as the original gangue grains but the gangue-sulphide contact 





pyrite sphere consisting of tightly packed but very small pyrite crystals has been 
replaced by bornite (gray); only a rim of pyrite crystals resisted replacement. 
Near the top of the photo a larger pyrite concretion has been partially replaced ; 
whereas near the right border the same has happened to a fragment of a pyrite 
crystal. Black, shale; white, pyrite remnants. Copper shale. Germany. X 550. 

Fic. 63. Bornite (grayish white) in “crumpled” copper shale. Bornite re- 
places carbonate (gray); dark gray, shale. Copper shale. Germany. 

Fic. 64. Bornite (gray) and galena (white) of exactly the same form and 
dimension as carbonate grains in the cement of the arkose sandstone. Black, 
sandstone. “Weiszliegende.” Copper shale. Germany. x 550. 

Fic. 65. A sphere of tightly packed bornite crystals (gray) pseudomorphic 
after a pyrite sphere of the same structure. A few white pyrite remnants. Black, 
shale. Copper shale. Germany. X 1,700. 

Fic. 66. A sphere of tightly packed chalcopyrite crystals (white) pseudo- 
morphic after a similar pyrite sphere. Copper shale. Germany. X 1,300. 

Fic. 67. “Crumpled” copper shale. Natural size. Black, shale; white, sul- 
phide beds and blebs. 

Fic. 68. An aggregate of pyrite spheres (white, somewhat pitted) and pyrite 
crystals (white, smooth surface) partly replaced by sphalerite (gray) with 
chalcopyrite inclusions (white). The ovoids indicate more or less the original 
FeS, structure. Rammelsberg, Germany. 550. 

Fic. 69. Polished surface of copper shale ore. Natural size. Thin beds of 
chalcopyrite (white) and of sphalerite (gray) in shale (black). Below, the 
chalcopyrite beds the shale is spangled with fine chalcopyrite blebs (so called 
“Speise,” barely visible). Above the sphalerite bed the shale is spangled with 
sphalerite blebs. Copper shale. Germany. 

Fic. 70. Spherical concretions of chalcocite (gray) with many loosely packed 
pyrite remnants in a matrix of pyrite (white) cut by chalcocite veinlets. The 
chalcocite spheres with pyrite remnants are transitional stages to a complete pseudo- 
morphism. “Dachklotz.” Meggen, Germany. X 230. 

Fic. 71. Finely bedded bornite (gray) and chalcopyrite (white) in shale 
(black). The polished surface below the fine chalcopyrite bed has innumerable 
small chalcopyrite blebs (barely visible). Many small chalcopyrite veinlets cut 
the bornite bed (not visible in photo.). Copper shale. Germany. Natural size. 
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within these grains exhibits jagged and impaired boundaries (Figs. 59, left, 
and 60, center). The dimensions of gangue kernel plus sulphide rim to- 
gether, it must be emphatically emphasized, are just the same as those of the 
original sandstone grains (Figs. 58 and 59). The only likely explanation of 
the origin of these sulphide grains in pseudomorphism. Two complete pseudo- 
morphs are represented in Figs. 57, 59, right, and 60, left. 


A FEW EXAMPLES FROM OTHER LOCALITIES. 


In tertiary gold ores from Bantam (Dutch East Indies) electrum enclosed 
in quartz is sometimes arranged in rays; every ray showing ramifications or 
moss-like and leaf-like forms. The adjacent marcasite, the only mineral 
abundantly present in the vicinity, shows absolutely similar forms. Both 
minerals so closely resemble each other in form and color that they are difficult 
to distinguish apart. Transitional stages also being present, it must be in- 
ferred that these radiating electrum specks are pseudomorphic after marcasite. 

At Evje, Norway, curious graphic structures were observed. As is well 
known, this ore deposit belongs to the same class as the famous Sudbury 
nickeliferous deposits. The ore occurs at the border of a gabbro mass and 


Fic. 72. Carbonate (dark gray), sphalerite (gray, spickled), bornite (gray) 
and chalcopyrite (white) in toothed intergrowth under +.60° with the bedding 
of the shale (black, near bottom of photo). Copper shale. Germany. 

Fig. 73. Chalcocite crystals (white) pseudomorphic after marcasite. In shale 
(black). Copper shale. Germany. x 2,000. 

Fic. 74. Synthetic replacement of pyrite by bornite (gray) and chalcocite 
(faint gray). Original crystal structure of pyrite preserved. X 200. 

Fic. 75. Bornite (faint gray) as lenses and irregular beds. Remnants of 
carbonate (dark gray) are clearly distinguishable. In shale. One lath of chal- 
copyrite (almost white) in bornite lens. Copper shale. Germany. X 90. 

Fic. 76. Part of a larger concretion (dark gray) with sphalerite (gray) 
filling cracks. Sphalerite replaces the gangue outward from “shrinkage” (?) 
cracks. Copper shale. Germany. X 200. 

Fic. 77. Same as Fig. 76. Here however faint gray is bornite. Bornite 
replaces the carbonate (near a). Copper shale. Germany. X 200. 

Fre. 78. Detail of Fig. 69. The bottom border of thin chalcopyrite bed from 
Fig. 69 at higher magnification. Chalcopyrite (white) replacing gangue (dark 
gray). Copper shale. Germany. X 200. 

Fic. 79. Pyrite crystal (white, high relief) partly replaced by chalcocite 
(white). Transitional stage to complete pseudomorphism. Black, limestone. 
“Dachklotz” from copper shale. Germany. X 220. 

Fic. 80. The original idiomorphic pyrite crystals composing a pyrite sphere 
are partly replaced and have impaired outlines. They are “lossely” packed. The 
surrounding coarser grained pyrite is traversed by chalcocite veinlets. Pyrite, 
white; chalcocite, gray. “Dachklotz” from copper shale. Germany. X 500. 

Fic. 81. Crystal of galena (white) pseudomorphic after a pyrite crystal in 
shale (black). Copper shale. Germany. X 2,000, 

Fic. 82, Pyrite and marcasite (both white) as remnants in chalcocite (faint 
gray). Initial stage of replacement of a tightly packed pyrite sphere. See also 
Fig. 80 as more advanced stage. ‘“Dachklotz”’ from copper shale. Germany. 
X 190. 

Fic. 83. Chaleopyrite aggregates (white) pseudomorphic after marcasite, 
Copper shale. Germany. X 200. » 
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is composed mainly of pyrrhotite, chalcopyrite and pentlandite with sub- 
ordinate amounts of cubanite, pyrite, magnetite and ilmenite. Five different 
mineral associations show identical graphic intergrowths, viz., two different 
gangue minerals, one gangue mineral and magnetite, magnetite and ilmenite, 
ilmenite and pyrrhotite, and ilmenite and chalcopyrite. The structure looks 
like a eutectic. However, it is generally accepted and empirically verified 
that the eutectic of every two components shows a distinct structure char- 
acteristic of such components. Consequently, these intergrowths must be 
regarded as having another mode of origin. Replacement of magnetite or 
pyrrhotite by chalcopyrite from the graphic intergrowth of ilmenite and mag- 
netite is often convincing. Hence, it is reasonable to assume these graphic 
intergrowths to be all pseudomorphic after an original one which might have 
heen a true eutectic. This supposition finds confirmation in the fact that often 
the graphic intergrowths of three, four, or even five combinations are all en- 
countered in association with each other in a square millimeter of surface of a 
polished section (Fig. 61). 

In oxidized ores of different localities pseudomorphic replacements are so 
widespread and well known that it seems unnecessary to quote examples. 

A stimulus to more microscopic research work in this direction, especially 
on hypogene ores, seems to be indicated. 

INSTITUTE OF TECHNOLOGY, 

Derr, HoLLanp, 
March 0, 1946. 
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TIN AND TUNGSTEN DEPOSITS OF FRENCH MOROCCO. 
Bos HECK: 


ABSTRACT. 

The only known deposits of tin and tungsten ores in French Morocco 
are located near Oulmes east of Casablanca. 

The El Karit tin deposit is confined to a zone of sedimentary rock ad- 
jacent to granite. The tin occurs as cassiterite in and along quartz veins. 
The deposit has been worked to some extent and the presence of ore has 


been demonstrated over an area 2.5 to 3 miles long and 800 to 1,600 feet 
wide. 

About 3 miles southwest of the El Karit deposit is the El Zguit tung- 
sten deposit. The ore occurs as wolframite, ferberite, and scheelite, along 
the margins of a few large quartz veins. The only production from the 
deposit has been from exploratory trenching. Most of the work has been 
done on two veins and mineralization has been found over a length of 
possibly two miles. Both deposits are judged to be of commercial grade. 


Tie only known deposits of tin and tungsten ores in French Morocco are 
located in the edge of the Middle Atlas Mountains, some seventy-five miles 
east of Casablanca. Near the deposits, erosion has uncovered a granite mass 
that now outcrops in an elliptically shaped area about five miles long and two 
and one-half miles wide. The trend of the structure is northeast-southwest 
which is approximately the same as the trend of the Middle Atlas Mountains. 
This granite mass is surrounded by a zone of folded and mildly metamorphosed 
sediments that are commonly but erroneously referred to as schists. In the 
immediate vicinity of the ore deposits these sedimentary rocks have been tilted 
to a high angle and numerous quartz veins are found penetrating them. The 
size and distribution of the veins was apparently controlled by the jointing 
and fracturing of the rocks. The mineralization occurs in and along these 
veins. Similar veins are found in the granite but so far, very little ore has 
been found in or associated with the veins in the granite. 

On the whole, the vein material is over ninety-eight per cent quartz. In 
some places fairly large pegmatite-like crystals of mica, quartz, and rarely 
beryl were found and small needle-shaped crystals of tourmaline are fairly 
common. The tin mineral is cassiterite, and tungsten occurs as wolframite, 
ferberite, and scheelite. Sulphides are present but not conspicuous.’ It ap- 

1J. H. C. Martens has identified arsenopyrite, pyrite and sphalerite on hand specimen of 
the trungsten ore. Martens further reports: “On the surface of the altered wolframite crystal 
at the end of the specimen are some small nearly colorless tetragonal crystals stained brown 
with limonite. They have an adamantine luster, very high index of refraction and are uni- 
axial plus, with moderate double refraction. These properties are not sufficient to distinguish 
between scheelite and the calcium molybdate, powellite which is in the scheelite group. Since 
no molybdenite was observed in the specimens it is probable that it is actually scheelite. There 
are a few very small cubes of flourite.” The scheelite referred to by Martens is a late gen- 
eration and should not be confused with the massive scheelite that is apparently about the 
same generation as the wolframite and ferberite. 


383 








384 B.TECH 





pears that conditions that were favorable for the formation of mica concentra- 
tions were also favorable for the formation of ore concentrations. 

Time did not permit an exhaustive study of the relationship of the granite 
to the overlying rocks but at the three places the sedimentary-granite contact 
was observed the relationship seemed to be that of an unconformity rather 
than that of intrusion. No zoning or gradational change that could be re- 
lated to the contact was. noticed in the granite nor did the sedimentary rocks 
at the contact appear to be any more highly metamorphosed than were the 
sediments a 100 feet or more above the contact. 

The veins appear to be hydrothermal in origin and related to the granite 
mass only in so far as the granite has affected the jointing of the rocks and 
the circulation of the water. In this connection it would at first appear that 
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Fic. 1. Map showing position of ore deposits with respect to the Atlantic Coast. 


the thermal springs (41° C.) in the valley immediately below the tungsten 
prospect would be of interest. These springs, however, probably owe their 
warmth to a very recent (geologically speaking) period of volcanism. Rem- 
nants of lava flows can be seen as terraces along the valleys of the region and 
lava cements the gravel and boulders in the steam bed at the spring. 

The foregoing discussion applies to both the tin and tungsten areas. In 
spite of their many points of similarity, however, the two deposits do not 
appear to overlap. Tin ore was not observed at the tungsten prospect and 
no tungsten ore was seen in the tin mine. = 

Fig. 1 shows the general location of the area with respect to the Atlantic 
coast. The Middle Atlas Mountains proper lie just southeast of the area 
shown, with a northeast-southwest trend. The granite outcrop at Oulmes is 
about as shown by the dashed line. The El Karit tin mine is along the north- 
west side of the granite and the El Zguit tungsten prospect is along the south- 
west end of the granite area. <A valley that is approximately 1,200 feet deep 
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lies between the two deposits and the thermal spring mentioned earlier is in 
this valley immediately below the tungsten prospect. There is an all weather 
road from the coast to within a few miles of the tin mine. 

The tin mine is open cast as shown in Fig. 2. The view is taken looking 
north along the mineralized zone. The length of the partially developed area 
is about one and a half miles but the total length of the mineralized zone may 





Fic. 2. Aerial view of tin mine looking north. 


be twice that figure. The width ranges from 800 to 1,600 feet. The ridge in 
the center of the photograph marks the contact between the granite and sedi- 
mentary rocks. The granite area to the right (east) of the ridge causes a 
smoother terrain than the tilted sediments to the left (west). 

The northern end of the mine shows a fairly regular type of quartz vein 
pattern that is closely analagous to a joint pattern (Fig. 3). The general 
strike of the veins is northwest-southeast and the dip of the larger veins is 
about 45 degrees to the southwest. The thicker veins are reported to be 
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Fic. 3. View showing quartz vein pattern in northern part of mine. 





Fic. 4. View showing portion of mine characterized by quartz “kidneys.” 
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more or less barren of ore. The host rock is a compact mudstone. The en- 
tire rock mass must be quarried to recover the ore. 

Fig. 4 taken near the southern end of the mine shows a view of the area 
that has received the most attention to date. There is no well developed 
system of veins in this section of the deposit but instead the ore is found in or 
associated with “kidneys” or masses of quartz that occur in the slaty host rock. 
The quartz masses vary in size from small veinlets to large masses four or five 
feet in diameter. “Kidneys” that show no evidence of mineralization on the 
outside may reveal rich masses of cassiterite when broken. This type of 
deposit lends itself to “high grading” or hand picking of the better ore, which 
no doubt accounts for the fact that most of the work to date has been in this 





Fic. 5. Closeup showing method used to reduce bulk of ore hauled to crusher. 


part of the mine. Piles of the ore may be seen in the foreground of this 
picture. 

Fig. 5 shows a similar pile of ore and the method used to further improve 
the grade of the mill feed. The dark part of the rock is cassiterite and the 
light part quartz. After crushing and washing in a small plant a product is 
obtained that analyzes 72 to 74 per cent tin. 

Three miles south of the tin mine is the tungsten prospect. Fig. 6 shows 
this prospect from the air. The gentle dip of the rocks as shown in the upper 
right corner is somewhat misleading. Actually the rocks dip steeply toward 
the upper left corner. The contact of the sediments and granite can be seen 
just above the stream at the extreme right center. As mentioned earlier the 
elevation of the stream is about 1,200 feet lower than the prospect. 
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Most of the prospecting has been by trenching along two of the main 
quartz veins but other mineralized veins are known to be present. These two 
veins are approximately parallel and have a general strike of NSOW. The 
dip ranges from almost vertical to 75 degrees to the southwest. 

Fig. 7 shows a close-up view of the vein near the southeastern end of one 
of the trenches. Here the vein is two to three feet thick. The central part 
of the vein is massive quartz and appears to be barren of ore. The hammer 





Fic. 6. Aerial view of tungsten prospect. Trenches show a general trend of north 
50 degrees west. 


is resting on a four- to six-inch layer of quartz that is rich in wolframite. 
This layer of quartz contains loose fragments of the wall-rock and the wolf- 
ramite is frequently found concentrated about these fragments. The owner 
reports that the dark streak on the right side of the vein is the wéathering 
product of ferberite. Considerable hand-sorted ore is piled near by and the 
ore mineral is almost entirely wolframite. A little farther northwest the 
vein cuts a quartzitic sandstone and the tungsten mineral as shown in the 
hand-sorted ore, is largely ferberite. Near the northwest end of the trench 
the ore mineral is reported to be largely scheelite. The owner reports that 
crushing and washing yields a concentrate showing 65 per cent tungstitic 
acid (WQ,). 
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To summarize briefly. The mineralized zone at the tin deposit is about 
a quarter of a mile wide and in excess of a mile and:a half in length. The 
ore mineral is cassiterite and the gangue is almost entirely quartz. Simple 
crushing and washing produces a high-grade concentrate. The full extent of 
the tungsten area is not so well known but several mineralized veins have been 
found and two of these have been traced for a length of about a mile. The 





Fic. 7. Closeup of one of the veins shown in Figure 6. (See text.) 


tungsten minerals are wolframite, ferberite, and scheelite and the gangue is 
almost entirely quartz. 

The tungsten ore was not discovered until after the war had started and 
no ore has yet been marketed. The tin deposit was discovered somewhat 
earlier but although some ore has been produced very little has been marketed. 
As soon as international conditions permit it is probable that both deposits can 
be mined at a profit. 


New York State Museum, 
ALBANY, NEw York, 
Feb. 4, 1946. 








DISCUSSION AND COMMUNICATIONS 


SCIENTIFIC AND MILITARY COOPERATION. 


The following memorandum by General Eisenhower is inserted below at 
the request of Major General F. L. Parks, U.S. A. It is also pointed out the 
Secretary of War has created a Research and Developments Division as a 
top-level General Staff Organization to coordinate Army research with that of 
educational institutions and industry. The Director of the new division has 
not yet been chosen, but Col. G. W. Trichel is serving as Acting Director. 
All War Department activities dealing with research and development will 
come under this division, and civilian experts will be appointed to act as ad- 
visers in setting up the activities of the division, General Eisenhower’s 
memorandum follows: 


MEMORANDUM FOR DIRECTORS AND CHIEFS OF WAR DEPARTMENT GENERAL 
AND SPECIAL STAFF DIVISIONS AND BUREAUS AND THE COMMANDING GEN- 
ERALS OF THE MAJOR COMMANDS: 


SUBJECT: SCIENTIFIC AND TECHNOLOGICAL RESOURCES AS MILITARY ASSETS, 


The recent conflict has demonstrated more convincingly than ever before the 
strength our nation can best derive from the integration of all of our national re- 
sources in time of war. It is of the utmost importance that the lessons of this 
experience be not forgotten in the peacetime planning and training of the Army. 
The future security of the nation demands that all those civilian resources which 
by conversion or redirection constitute our main support in time of emergency be 
associated closely with the activities of the Army in time of peace. 

The lessons of the last war are clear. The military effort required for victory 
threw upon the Army an unprecedented range of responsibilities, many of which 
were effectively discharged only through the invaluable assistance supplied by our 
cumulative resources in the natural and social sciences and the talents and experi- 
ence furnished by management and labor. The armed forces could not have won 
the war alone. Scientists and business men contributed techniques and weapons 
which enabled us to outwit and overwhelm the enemy. Their understanding of the 
Army’s needs made possible the highest degree of cooperation. This pattern of 
integration must be translated into a peacetime counterpart which will not merely 
familiarize the Army with the progress made in science and industry, but draw into 
our planning for national security all the civilian resources which can contribute 
to the defense of the country. 

Success in this enterprise depends to a large degree on the cooperation which 
the nation as a whole is willing to contribute. However, the Army as one of the 
main agencies responsible for the defense of the nation has the duty to take the 
initiative in promoting closer relation between civilian and military interests. It 
must establish definite policies and administrative leadership which will make pos- 
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sible even greater contributions from science, technology, and management than 
during the last war. 

In order to ensure the full use of our national resources in case of emergency, 
the following general policies will be put into effect: 


(1) The Army must have civilian assistance in military planning as well as 
for the production of weapons. Effective long-range military planning can be 
done only in the light of predicted developments in science and technology. As 
further scientific achievements accelerate the tempo and expand the area of our 
operations, this interrelationship will become of even greater importance. In 


t the past we have often deprived ourselves of vital help by limiting our use of 
5 scientific and technological resources to contracts for equipment. More often 
- than not we can find much of the talent we need for comprehensive planning 
a in industry or universities. Proper employment of this talent requires that the 
ol civilian agency shall have the benefit of our estimates of future military prob- 
aS lems and shall work closely with Plans and the Research and Development 
vr, authorities. A most effective procedure is the letting of contracts for aid in 
ill planning. The use of such a procedure will greatly enhance the validity of our 
d- planning as well as ensure sounder strategic equipment programs. 

Je (2) Scientists and industrialists must be given the greatest possible freedom 
to carry out their research. The fullest utilization by the Army of the civilian 
resources of the nation cannot be procured merely by prescribing the military 

AL characteristics and requirements of certain types of equipment. Scientists and 

N- industrialists are more likely to make new and unsuspected contributions to the 


development of the Army if detailed directions are held to a minimum. The 
solicitation of assistance under these conditions would not only make available 
TS to the Army talents and experience otherwise beyond our reach, but also estab- 


lish mutual confidence between ourselves and civilians. It would familiarize 


the them with our fundamental problems and strengthen greatly the foundation upon 
re- which our national security depends. 
his (3) The possibility of utilizing some of our industrial and technological re- 
my. sources as organic parts of our military structure in time of emergency should 
ich be carefully examined. The degree of cooperation with science and industry 
be achieved during the recent war should by no means be considered the ultimate. 
There appears little reason for duplicating within the Army an outside organiza- 
ory tion which by its experience is better qualified than we are to carry out some 
rich of our tasks. The advantages to our nation in economy and to the Army in 
our efficiency are compelling reasons for this procedure. 
yeri- (4) Within the Army we must separate responsibility for research and de- 
won velopment from the functions of procurement, purchase, storage and distribution. 
ons Our experience during the war and the experience of industry in time of peace 
the indicate the need for such a policy. The inevitable gap between the scientist 
1 of or technologist and the user can be bridged, as during the last war, by field 
rely experimentation with equipment still in the developmental stage. For example, 
‘nto restricted-visibility operations with the aid of radar, such as blind bombing and 
bute control of tactical air, were made possible largely by bringing together tech- 
nologists who know the potentialities of the equipment and field commanders 
hich familiar with combat conditions and needs. Future cooperation of this type 
f the requires that research and development groups have authority to procure experi- 
> the mental items for similar tests. 
ae (5) Officers of all arms and services must become fully aware of the ad- 


pos- vantages which the Army can derive from the close integration of civilian talent 
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with military plans and developments. This end cannot be achieved merely by 
sending officers to universities for professional training. It is true that the 
Army’s need for officers well trained in the natural and social sciences requires 
a thorough program of advanced study for selected military personnel, but in 
addition we must supply inducements which will encourage these men in the 
continued practical application of scientific and technological thought to military 
problems. A premium must be placed on professional attainments in the natural 
and social sciences as well as other branches of military science. Officers in 
each arm and service must familiarize themselves as much as possible with 
progress and plans made in other branches. Only then can the Army obtain the 
administrative and operative talent essential to its task and mutual understand- 
ing by the arms and services of their respective problems. 


In general, the more we can achieve the objectives indicated above with respect 
to the cultivation, support, and direct use of outside resources, the more energy will 
we have left to devote to strictly military problems for which there are no outside 
facilities or which for special security reasons can only be handled by the military. 
In fact, it is our responsibility deliberately to examine all outside resources as to 
adequacy, diversity, and geographical distribution and to ensure their full utilization 
as factors of security. It is our job to take the initiative to promote the develop- 
ment of new resources, if our national security indicates the need. It is our duty 
to support broad research programs in educational institutions, in industry, and in 
whatever field might be of importance to the Army. Close integration of military 
and civilian resources will not only directly benefit the Army, but indirectly con- 
tribute to the nation’s security, as civilians are prepared for their role in an emer- 
gency by the experience gained in time of peace. The association of military and 
civilians in educational institutions and industry will level barriers, engender mutual 
understanding, and lead to the cultivation of friendships invaluable for future co- 
operation. The realization of our objectives places upon us, the military, the chal- 
lenge to make our professional officers the equals in knowledge and training of 
civilians in similar fields and make our professional environment as inviting as 
those outside. 

In the interest of cultivating to the utmost the integration of civilian and mili- 
tary resources and of securing the most effective unified direction of our research 
and development activities, this responsibility is being consolidated in a separate 
section on the highest War Department level. The Director of this section will be 
directly supported by one or more civilians, thus ensuring full confidence of both 
the military and the civilian in this undertaking. By the rotation of civilian spe- 
cialists in this capacity we should have the benefit of broad guidance and should 
be able to furnish science and industry with a firsthand understanding of our prob- 
lems and objectives. By developing the general policies outlined above under the 
leadership of the Director of Research and Development the Army will demonstrate 
the value it places upon science and technology and further the integration of 
civilian and military resources. 

(Signed) 


Dwicut EISENHOWER. 
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REVIEWS * 


Phosphates and Superphosphates, 2nd ed. By A. N. Gray. Pp. 416; pl. 38, 
tables, 155. Interscience Publishers, Inc., New York, 1943. Price, $7.00. 


This book covers the subject of phosphates in 244 pages and carries 153 pages 
of tables in appendices. The 16 chapter headings give an idea of the contents: 
Phosphates and Their Uses, Phosphate Production, Grades, Deposits and Reserves, 
Consumption, Trade; Superphosphate Origin and History, Production, Cost of Pro- 
duction, Consumption, Trade; Double Superphosphate, Calcined Phosphates and 
Phosphate of Ammonia; Basic Slag; Phosphoric Acid. Index (15 pp.). 

The subject matter covers phosphates thoroughly. It includes chronology, com- 
position, impurities, occurrence, products and markets. The tables cover produc- 
tion, consumption, sources of imports and destinations of exports for long periods 
of years. 


BOOKS RECEIVED. 


RICHARD J. ORDWAY. 


Introduction a l’Etude Physico-chimique de la Métallogénie des Gites d’Il- 
ménites et de Fers Titanés—L’Ilménite du Gisement de Haaland, Région 
d’Egersund (Norvége). P. Evrarp. Pp. 32. Ann. Soc. Geol. de Belgique, 
Bull. 9. Liége, 1944. Mineralographic and petrographic study of titaniferous 
magnetite and ilmenite. 


Levé Géomagnétique du Salmien Supérieur Manganésifére de la Valée de la 
Lienne. P. Evrarp Anp L. KoenicsFetp. Pp. 21. Ann. Soc. Geol. de Bel- 
gique, Mem. 2. Liége, 1944. Results of magnetic profile surveys by a Copen- 
hagen balance. 

Memoria, del Ministro de Mines y Petroleos, Vol. 1. J. A. GuzmAn. Pp. 143; 
plates; tables. Bogota, Colombia, 1946. Production and operations of mineral 


industries including oil, gold, platinum, salt and others; geological investiga- 
tions and mapping. 


Boletin de Minas y Petréleos. Minister of Mines and Petroleum. No. 150, 
year 1945. Pp. 199. Bogota, Colombia, 1946. Laws, decrees, decisions relat- 
ing to petroleum in Colombia, particularly respecting the Tropical Oil Co.; min- 
ing decrees. 


Brazil—Publications of Depto. Nacional da Producao Mineral, Rio de Janeiro, 
1945. 


No. 65. A Cachoeira de Itaparica, no Rio Sao Francisco. H.C. Atves DE 
Souza. Pp. 20; maps. General geology; igneous rocks. 


* Books noted under Reviews and Books Received may be ordered through the Economic 
Geology Bookshop, M. M. Leighton, Urbana, Ill., but orders for official reports and single 
copies of Journals should be sent directly to their publishers. 


393 





394 BOOKS RECEIVED. 





No. 67. Bauxita de Morro do Cruzeiro, em Ouro Préto—Minas Gerais. 
D. Guimaraes AND I. S. Cortno. Pp. 40; pls. 4; maps. Medjum-grade 
silicious bausites. 

No. 68. Planificagdo dos Espacgos de Ocupagao Industrial no Brasil. G. 
pE Paiva. Pp. 67; map. Utilization of mineral resources for industrial 
development with particular reference to energy resources. 

No. 69. Ferro e Ametista em Sento Sé, Bahia. H.C. Atves pe Souza. Pp. 
32; pls. 7; 2 maps. Jron deposits. 

No. 70. Estanho e Tungsténio no Rio Grande do Sul. V. Lienz Anp H. 
PINAGEL. Pp. 87; figs. 15; maps. General geology; wolframite-bearing 
pegmatites and quartz veins in granite with pyrite, chalcopyrite, beryl, tour- 
maline, topas, fluorite and minor cassiterite; tin-quarts veins in greisenised 
granite. 

No. 71. Lavra de Pegmatitos Tantaliferos e Gluciniferos no Nordeste do 
Brasil. J. E. Moore. Pp. 51; maps. Occurrence, mining methods and 
costs of tantalite-pegmatites (and beryl) in Northeast Brasil. 

No. 72. Mica, Lavra Viuva Valério, Manhumirim—Minas Gerais. D. M. 
LARRABEE AND R. Fraya. Pp. 25; maps. History, geology, workings and 
character of mica. 

Servicio Técnico de Mineria y Geologia—Resumen de sus Actividades 1936- 
1946. P. E. PapittAn. Pp. 77. Caracas, Venezuela, 1946. Resumé of geo- 
logical investigations, mapping programs, and of localities and occurrence of 
economic minerals. 

Glacial Map of North America, 1st ed. Scale 1: 4,555,000; 2 sheets 40 x 52 in.; 
colors; footnotes. Geol. Soc. of Amer., 1945 (May, 1946). A painstaking 
compilation of existing data and knowledge depicting (a) areas of present gla- 
ciers; (b) areas covered by Wisconsin (4 sub-stages), Illinoian, Kansan and 
Nebraskan ice sheets; (c) areas of marine submergence and extinct glacial lakes; 
(d) and, by symbols, striae, flow directions, drumlins, eskers, boulder trains and 
other glacial deposits. 

Iron Resources of California. San Bernardino County, California. Carr A. 
LamMeEy. Bull. 129, State Div. of Mines, Geologic Branch. San Francisco, 
June, 1945 (1946). 

Part B. Iron Mountain Iron-Ore Deposits, Lava Bed District. Pp. 27-38; 
map. 14 contact-metamorphic and replacement magnetite bodies with total 
reserves of over 5,000,000 tons of submarginal ores. 

Part C. Iron Mountain and Iron King Deposits, Silver Lake District. Pp. 
41-58; 3 maps. Mostly high-grade magnetite ore of probable contact- 
metamorphic origin with 5,175,000 tons at Iron Mt. and 375,000 tons at Iron 
King. 

Part D. Old Dad Mountain Deposit. Pp. 61-67. Contact-imetamorphic 
magnetite and hematite deposit with Y2 million tons of submarginal ore. 
Part E. Cave Canyon Deposits. Pp. 71-83; map. About 21% million tons of 
recoverable ore of which half is submarginal; contact-metamorphic replace- 

ment in limestone. 


Part F. Vulcan Deposit. Pp. 87-95; map. Contact-metamorphic magnetite 
and hematite in limestone with reserves of 5,680,000 tons containing 50% 
iron. 
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Part G. Iron Hat (Ironclad) Deposits. Pp. 99-109; map. Contact meta- 
morphic replacements of magnetite and hematite in limestone near granite ; 
reserves about 185,000 tons. 


Part H. Ship Mountains Deposit. Pp. 113-116; 2 maps. 80,000 tons of 
low-grade hematite. 


Part J. Hirz Mountain Deposits, Shasta County. Pp. 131-136; 3 maps. 
Two small zones of contact metamorphic magnetite. 


Geologic Outline of South American Oil Fields. V.. OppeNnEIM. Pp. 35; figs. 
1. Tech. Pap. 4. U.S. Section, Pan Am. Inst. of Min. Eng. & Geol. New 
York, 1946. Jn 1944 South America produced 13% of world’s petroleum from 
13 major provinces. About 90% comes from Cenozoic rocks. Estimates of 
future reserves rest upon adequate testing of vast continental areas with favor- 
able stratigraphic and structural conditions. 


Petroleum Map of Colombia. Scale 1/2,000,000. Size 32x 40”. 


Ministerio de 
Minas Y Petroleos. 1946. Gives location of all concessions. 


Connecticut’s Minor Metals and Her Minerals. C. R. Harte. Pp. 48. New 
Haven, 1944 (1946). Brief descriptions. 


Differential Thermal Analysis of New Jersey Clays. F. L. Curupert. Pp. 20; 
figs. 7. N. J. Dept. of Conservation. Trenton, 1946. Study of a series of 29 
N. J. clays shows them to be cither kaolinite clays of varying purity and crystal- 
lization, or illite clays, or mixtures of both. 


Viscosity Studies of System CaO-MgO-Al,O,-SiO,:1, 40% SiO,. J. S. 

Macuin AND D. L. Hanna. Pp. 14; figs. 5; tables 2. Rep. of Invest. No. 
111. Ill. Geol. Sur. Urbana, 1945 (1946). Measurement of glass viscosities 
at elevated temperatures with an oscillating cylinder-type viscometer. The pat- 
tern of isokoms presented indicates that viscosity ts closely related to the ratio 
of basic to acidic components. 


Rosiclare-Fredonia Contact in and Adjacent to Hardin and Pope Counties, 
Illinois. F. E. Tippir. Pp. 8; figs. 5. Rep. of Invest. No. 112. Ill. Geol. 
Sur. Urbana, 1945 (1946). Conclusion that the unconformity at the top of the 


Fredonia limestone is a more important break than is the one at the top of the 
Levias limestone. 


Diagnostic Criteria for Clay Minerals. W. F. Braptey. Pp. 11, figs. 5. Rep. 
of Invest. No. 115. Ill. Geol. Sur. Urbana, 1946. Association of certain or- 
ganic liquids with clay minerals affords a basis for the Classification of such 
minerals into the principal groups. 


Marine Pool, Madison County—A New Type of Oil Reservoir in Illinois. 
H. A. LowenstaM AND E. P. Du Bots. Pp. 30; figs. 11. Rep. of Invest. No. 
114. Ill. Geol. Sur. Urbana, 1946. Description of occurrence of oil in a Si- 
lurian coral reef, the first commercial occurrence of this type in Illinois. 


Subsurface Geologic Cross Section from Ness County, Kansas, to Lincoln 
County, Colorado. Pp. 13; figs. 1; Section, ver. scale 1”/200’.. Preliminary 
Cross Section No. 2. Kan. Geol. Sur. Lawrence, 1946. Chief purpose is to 
correlate the subsurface beds in this area with formations in the oil fields of 
central Kansas. 
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Future Oil Possibilities of New Mexico. R. L. Bates. Pp. 6; figs. 3. Circu- 
lar 12, N. Mex. Bur. of Mines and Min. Res. 1946. Roughly three-quarters 
of New Mexico has more or less promising future oil possibilities. 


Areal Geologic Map of Green River Desert-Cataract Canyon Region, Emery, 
Wayne, and Garfield Counties, Utah. A. A. Baker. Scale 1”/2 mi. Size, 
26x 44”, U.S. Geol. Sur. Oil and Gas Invest. Prel. Map 55, 1946. Price, 
40 cts. 


Mining Properties and Development in Abitibi and Temiscamingue Counties 
during 1944. W.N.IncHam. Pp. 196. P. R. No. 190. Part I (A to D); 
Part II (E to L); Part III (M to end). Quebec Dept. of Mines. Quebec, 
1945 (1946). Each property is described briefly as to location, size, means of 
access, geology, development work, and mineral deposits. 


Ontario Dept. of Mines, Annual Reports. (1) Vol. 51, Pt. 1, 1942: Statistical 
Review of Mineral Industry in 1941; List of Mines, Quarries, and Works; 
Mines of Ontario; Mining Accidents. Pp. 282. (2) Vol. 53, Pt. 4, 1944: 
Geology of the Robb-Jamieson Area, by L. G. Berry; Some Copper Prop- 
erties in Robb, Jamieson, and Godfrey Townships, by S. A. Fercuson. Pp. 
32; illus. 18; sketch maps and diagrams 6; colored geol. map, scale 1”/14 mi. 
(3) Vol. 53, Part 6, 1944: Geology of the Mattawan-Olrig Area, by W. D. 
Harpinc; The Brazeau Vanadium-bearing Magnetite Deposit, Papineau 
Township, by W. D. Harpinc. Pp. 55; illus. 14; sketch maps 7; colored 
geol. map, scale 1”/1 mi. 


Map No. 1945-1, Township of Teck, District of Timiskaming, Ontario. Col- 
ored geologic map, scale 1”/1,000’. Ont. Dept. of Mines, 1946. 
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SOCIETY OF ECONOMIC GEOLOGISTS 


ANNUAL MEETING, FEBRUARY, 1947. 


There will be an annual meeting of the Society of Economic Geologists with 
the American Institute of Mining and Metallurgical Engineers in New York City 
next February. 

In cooperation with the A.I.M.E. program committees, the S.E.G. program com- 
mittee is planning a program of six half-day sessions, of which two will be devoted 
to new methods in ore search and newly studied ore deposits, one to industrial min- 
erals, one to training of economic geologists, one to ground-water and engineering 
geology, one to other papers on economic geology which will include a review of 
the work of the S.E.G. Research Committee. 

Geologists wishing to present papers at the sessions should communicate with a 
member of the program committee or the Secretary of the Society. 


PrRoGRAM COMMITTEE. 


A. L. ANDERSON, R. A. LAURENCE, 
Department of Geology, U. S. Geological Survey, 
Cornell University, Washington 25, D. C. 
Ithaca, N. Y. 

IAN CAMPBELL, A. K. SNELGROVE, 
Department of Geology, Department of Geology, 
California Institute of Technology, Rutgers University, 
Pasadena 4, Calif. New Brunswick, N. J. 
C. P. Jenny, V. T. STRINGFIELD, 

The American Metal Co., Ltd., U. S. Geological Survey, 
68 Yonge Street, Washington 25, D. C. 


Toronto, Canada. 


PARKER TRASK, 

Department of Geology, 

University of Wisconsin, 

Madison, Wisconsin 
Ovar N. Rove, 

Secretary. 

Annandale Rd., 
R.F.D. No. 1, 
Falls Church, Va. 
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SCIENTIFIC NOTES AND NEWS 


D. JouN CEDERSTROM, water resources geologist of the U. S. Geological Survey, 
has been awarded the Bronze Star Medal in recognition of his accomplishments in 
successfully securing information on water supply conditions in the southern por- 
tion of the island of Okinawa during the progress of combat operations there. 


L. C. Kine has been elected president of the Geological Society of South 
Africa. 

L. J. Krice of South Africa received the Draper Medal and A. L. du Toit the 
Jubilee Medal. 


WiLi1AM C, KruMBEIN has been appointed Professor of Geology at North- 
western University and will leave his present position with the Gulf Research and 
Development Company to take up his new duties in September. He will participate 
in development of geological work in the Northwestern Technological Institute, as 
well as in the teaching program in the College. 

Joun R. Batt, Professor of Geology and Paleontology at Northwestern Uni- 
versity and for thirty years a member of the staff, will retire from the University 
at the end of the current academic year but expects to continue active geologic work. 

N. R. Junner, formerly of the Gold Coast Geological Survey and now retired, 
has accepted employment with the Selection Trust, Ltd., London, as consulting 
geologist. Dr. Junner’s address is “Oakwood,” 89 Kingston Hill, Kingston-on- 
Thames, Surrey, England. 

Victor T. ALLEN has left the Geological Survey to return to the Institute of 
Geophysical Technology at St. Louis University. 

STANLEY C. Heroin, petroleum geologist and production engineer, has resumed 
his consulting practice in reservoir geology and engineering at 1330 Ethel Street, 
Glendale 7, California. 

H. A. Extris has been appointed Government Geologist in Western Australia. 

Ricuarp P. Gorptnwait, formerly of Brown University and during the war 
in charge of special equipment investigations for the Army Air Corps at Wright 
Field, has been appointed associate professor of geology at Ohio State University. 

James R. Day, previously with the Amerada Petroleum Corporation at Mid- 
land, has: accepted the position of district geologist with the Pan American Produc- 
tion Company at Abilene, Texas. 


B. C. Kine has been appointed mineralogist to the Nigerian Geological Survey. 


J. A. Dunn has retired from the Geological Survey of India and is now settled 
in Melbourne, Australia. 


Cuares F, Park, Jr., formerly of the U. S. Geological Survey, has been ap- 
pointed professor of geology at Stanford University. Dr. Park will be in charge 
of teaching and research in the geology of ore deposits and ground water. 


398 








